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Super-hydrophobic surfaces exhibit the property of high water repellence. In nature, 
lotus leaf and other plants have super-hydrophobic surfaces with self-cleaning effect. Water 
droplet does not adhere to lotus leaf and completely rolls off the leaf, carrying away 
undesirable particles. Dual scaled roughness of surface structures with micro-meter scaled 
bumps as well as nanometer scaled hair-like structures, are found on lotus leaf surfaces. 
Taking inspiration from the surface properties of the lotus leaves, the ways to design and 
fabricate artificial super-hydrophobic surfaces on the most common used materials, 
including glass and metal substrates by laser micro/nano-processing, are presented in this 
thesis. Laser micro/nano-processing systems combined with high speed automation ensure 
the focused laser beam to process different materials at a high throughput and a high 
accuracy over large working areas. Laser texturing has been proven to be an effective 
technique to create dual scaled roughness surfaces with micro/nano-structures for the 
enhancement of the hydrophobicity on the surfaces. Three techniques have been developed 
to successfully make super-hydrophobic surfaces on glass and metal substrates. 
 
The first technique is to make super-hydrophobic transparent surfaces on glass 
substrates with carbon nanotube (CNT) cluster array by femtosecond laser micro-machining 
and chemical vapor deposition. Nickel thin film microstructures, as the CNT growth catalyst, 
precisely control the distribution of the CNT clusters. To obtain minimal heat-affected zones, 




carried out to enhance the lotus leaf effect. Wetting property of the CNT surface is improved 
from hydrophilicity to super-hydrophobicity at an advancing contact angle of 161°. This 
hybrid fabrication technique can achieve super-hydrophobic surfaces over a large area, 
which has potential applications as self-cleaning windows for vehicles, solar cells and high-
rise buildings. 
 
The second technique of super-hydrophobic surface fabrication on metal substrates 
merely employs laser micro/nano-processing without extra coating. Categorized by different 
system designs, laser micro/nano-processing is divided into laser micro-machining and 
galvanometer processing. Pulsed UV laser micro-machining is applied to fabricate super-
hydrophobic surfaces on metal substrates. Dual scaled structures, with nanometer-sized 
particles randomly distributed on the micro-textured surface, are formed during the laser 
ablation of copper substrates. It is observed that the copper surface is initially super-
hydrophilic at a contact angle < 10°. When the ablated copper surface is exposed to the air, 
its surface wetting property gradually changes and leads to the increase of the contact angle. 
After two weeks exposure to the air, it becomes super-hydrophobic and the contact angle is 
saturated at ~ 160º. The surface elementary compositions as well as their chemical states are 
analyzed by XPS. The results reveal that the partial CuO reduction into Cu2O and the 
increase of carbon composition at the top layer of the copper surfaces lead to the evolution 
of the copper surface wetting property. Super-hydrophobic property of the laser textured 
surfaces is attributed to double roughness structures. Similar phenomenon is found on brass 
substrates made by high speed laser micro-processing using a galvanometer. It is found that 




The third technique is to enhance the surface wettability transition of the laser 
textured metal samples by immersion inside an organic solvent Isopropanol Alcohol (IPA). 
Dual scaled roughness structures can be fabricated on iron surfaces by utilizing dynamic 
laser ablation. Just after the laser texturing, the sample surfaces are super-hydrophilic. The 
surface wettability can be changed to super-hydrophobic as being exposed to the ambient air 
for ~ 500 hours. However, it takes only ~ 3 hours to change from super-hydrophilic to super-
hydrophobic as laser textured sample is immersed inside IPA solvent, only 1/160 of the 
transition time for the samples being exposed in the ambient air. This phenomenon could be 
attributed to the high concentrations of organic substances in the IPA solvent which 
significantly shortens the transition time. The laser textured iron surface after the immersion 
inside the IPA solvent with a contact angle of ~ 160° shows strong water repellent 
properties, and the water dynamic behaviors are analyzed by a high speed camera. 
Furthermore, this technique also can create super-hydrophobic surfaces on copper substrates. 
This cost and time effective method has potential applications in mass production to achieve 
self-cleaning surfaces on metal substrates. 
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Lotus flower is considered to be a symbol of purity in the Eastern Asian countries. 
The reason behind this is the remarkable self-cleaning property shown by the leaves of the 
lotus plant - even when the lotus leaf is immersed inside muddy water, its surface emerges 
clean and unsoiled. This self-cleaning property is attributed to the interaction between the 
surfaces of the lotus leaves and water, resulting in high water repellency of the surfaces. 
Due to the impressive demonstration of these self-cleaning and high water-repellency 
characteristics, this combined effect has been named as “lotus effect” by Prof. W. Barthlott, 
a botanist of the University of Bonn [1]. By mimicking lotus leaves, numerous artificial 
super-hydrophobic surfaces were fabricated by various methods for a wide range of 
applications. 
 
This chapter provides an overview of the works done by the conventional methods to 
fabricate super-hydrophobic surfaces. It also introduces the novel fabrication approach, laser 
micro/nano-processing, to make super-hydrophobic surfaces over large areas. 
 
1.1. Surface Wettability 
 
Wetting generally involves the contacts in between one or two fluids (liquid or 
gaseous) and solid. At the contact line of three interfaces, each interface has its own surface 
Chapter 1: Introduction 
2 
 
energy and interfacial tension. A typical situation is that liquid wets solid surface in gaseous 
environment [2]. 
 
Wetting phenomena exist in our daily lives as well as in industrial environments [3]. 
For example, typical wetting phenomena which can be seen everywhere are washing 
vegetables by water flowing; and dispersing milk or coffee powder in water. In some 
applications, surface wetting is highly desirable. Examples include the inks and paints 
spreading on the papers; the herbicides on the surfaces of leaves; and the insecticides on the 
epidermis of insects. On the other hand, wetting should be avoided in some other 
applications. Examples include rain drops on water-proof clothes. Road pavements are 
constructed such that they are not be easily wetted by water. Because the pavement could be 
spoiled by the freezing water in cold season if the water penetrates into small cracks and 
fissures. In many industrial applications, such as flotation and detergency, the contact angle 
of a water droplet on a surface plays a decisive role. One example is that most of the lacquer 
surfaces on cars are hydrophobic after intentionally coating with the wax, and the raindrops 
cannot spread on it but form isolated droplets on the surface. Hence, it is essentially 
important to control surface wetting for numerous living and industrial applications. 
 
1.2. Super-hydrophobic Surfaces and Their Applications 
 
The natural super-hydrophobic surfaces have been found on lotus leaves for 
thousands of years. The super-hydrophobic surfaces have high water repellency properties 
and their water contact angles are large than 150°.  Water droplets can form a nearly 
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spherical shape on the surfaces. Thus, the water droplets on super-hydrophobic surfaces can 
easily roll off and carry away undesirable particles deposited on this surface [4]. This “lotus 
effect” is also called as “self-cleaning effect”. Lotus effect has also been found on other 
plants, like cane and columbine, and on the wings of certain insects. These surfaces with 
lotus effect share some common properties: all of them are covered with small and fractal 
structures in micro- and nano-sizes. These small structures on lotus leaves have been studied 
by a high resolution electron microscope, which shows that these small structures look like 
protrusions of 20 to 40 μm apart from each other, each covered with a smaller scale rough 
surface of epicuticular wax crystalloids [5]. These small and fractal structures greatly affect 
water repellency of these surfaces. Lotus effect was firstly explained by German scientists in 
1979 [6]. Since then, many studies have been carried out to fabricate artificial super-
hydrophobic surfaces on various material substrates.  
 
The super-hydrophobic surfaces can be used for many applications. Polyethylene 
super-hydrophobic surfaces can self-clean most of dust being adsorbed on the surfaces, and 
it can wash away the contaminants [7]. Patterned super-hydrophobic surfaces are essential 
for the lab-on-a-chip, micro-fluidic devices and can drastically improve the surface based 
bio-analyses [8]. In the textile industry, the textiles with super-hydrophobic surfaces have 
static water roll-off angle of 20° or less, and hence become water-proof in nature [9]. 
Specially treated sailing jackets used by the American team in the international sailing 
tournament are water-proof. The treatment is realized by building up micrometer-sized 
particles in combination with traditional fluorine chemistry. 
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A recent application of hydrophobic structures and materials is the development of 
micro-fuel cell chips. Specially designed hydrophobic membranes can vent out CO2 waste 
gas, which is produced in the fuel cell reactions [10]. The membrane with many micro-
cavities allows the CO2 gas to pass through, while its hydrophobicity characteristic prevents 
the liquid fuel from leaking out.  
 
Furthermore, super-hydrophobic surfaces made by nanoparticle-polymer composites 
are used to demonstrate the anti-icing capability [11]. The indoor and outdoor experimental 
results show that such super-hydrophobic surfaces can prevent ice formation. The size of the 
particles on the surface determines its super-hydrophobicity and hence the anti-icing 
capability of the surface. 
 
Super-hydrophobic surfaces made by silver-perfluorodecanethiolate complexes 
prepared by the reaction of silver nitrate with perfluorodecanethiol have antifouling and 
antibacterial properties as well [12]. When the ratio of silver nitrate to perfluorodecanethiol 
is 1/2, silver-perfluorodecanethiolate complexes in hierarchical micro/nano-sized wire shape 
can be formed and achieve super-hydrophobic and antifouling properties. Furthermore, 
silver nanoparticles after UV light irradiation are generated on those wires to exhibit 
antibacterial properties. 
 
Therefore, super-hydrophobic surfaces fabricated on different materials are applied 
in corresponding scientific and industrial applications in different areas, such as chemistry, 
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biology, energy and civil engineering. Systematic investigation and demonstration of super-
hydrophobic surface fabrication techniques are essential for these applications. 
 
1.3. Advantages and Challenges of Super-hydrophobic Surface 
Fabrication Techniques 
 
To fabricate artificial super-hydrophobic surfaces, surface energy and surface 
roughness play very important roles. Surfaces with a low surface energy are usually 
hydrophobic. Surface roughness can further enhance the hydrophobic properties. Therefore, 
various fractal micro- and nano-structures, for example nano-pins, nano-rods, nano-fibers, 
nano-filaments, colloidal microstructures, honeycomb-like membranes and inorganic 
fractals, have been introduced to fabricate super-hydrophobic surfaces and increase surface 
roughness. 
 
The techniques to make super-hydrophobic surfaces can be classified into two major 
categories. The techniques in the first category are relatively simple. The main idea is to 
make rough surfaces from low surface energy materials. Low surface energy materials, like 
fluorinated polymers, have native hydrophobic property. Roughening these polymers in 
certain ways leads to super-hydrophobicity directly. A simple and effective way to achieve a 
super-hydrophobic film is to stretch a fluorinated polymer film. Fibrous crystals with a large 
fraction of voids are formed on the stretched surface, which greatly increases hydrophobic 
property compared to the original fluorinated polymer film surface [13]. 
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Another well-known material with a low surface energy is polydimethylsiloxane 
(PDMS). Because of its intrinsic high deformability property, PDMS can readily be made 
into super-hydrophobic surfaces by nanocasting the PDMS surface. A negative PDMS 
template is made based on lotus leaf effect as an original template, and then a replica of the 
original lotus leaf is made by using the negative template [14]. 
 
Although fluorinated polymers and PDMS are known as inorganic hydrophobic 
materials, non-wetting and self-cleaning surfaces in nature use organic hydrophobic 
materials like paraffinic hydrocarbons instead. A super-hydrophobic surface made from 
organic materials has been demonstrated in a simple and inexpensive method. This highly 
porous super-hydrophobic surface is produced with polyethylene by controlling its 
crystallization behavior. A better result is achieved with polyethylene solution to form nano-
structured floral-like crystal structures [15]. 
 
The technique in the second category is relatively difficult to obtain a super-
hydrophobic surface, which is made from low surface energy materials and changing their 
surface morphologies in one-step or multi-step physical or chemical processes. Because low 
surface energy materials are not common in nature and most materials have high surface 
energies, the techniques in the second category are developed to make super-hydrophobic 
surfaces on most materials. The strategy is to make surface rough first and then modify its 
surface energy. These techniques employ both physical and chemical processes, including 
chemical etching, sol-gel processing and colloidal assembly. 
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Chemical etching is a straightforward and effective way to make rough surfaces. A 
transparent super-hydrophobic surface is obtained via selective oxygen plasma etching on a 
poly-ethylene terephthalate substrate and  then plasma-enhanced chemical vapor deposition 
using tetramethylsilane as the reaction chemical [16]. 
 
Unlike chemical etching which removes only one part of surfaces, sol-gel processing 
deposit thin films of new materials on the entire surfaces. It is used primarily to fabricate 
materials starting from a chemical solution that acts as the precursor for an integrated 
network of either discrete particles or network polymers. Shirtcliffe et al. made porous sol-
gel foams from organo-triethoxysilanes. Switching between super-hydrophobicity and 
super-hydrophilicity when exposed to different temperatures is exhibited on this sol-gel 
coated surface [17]. 
 
Similar to the sol-gel processing, colloidal assembly deposits different kinds of 
nano-sized particles on the surfaces. It can achieve desirable surface roughness for super-
hydrophobicity. This double roughness surface is covered with raspberry-like particles. 
They are fabricated by epoxy-functionalized silica particles assembled with amine-
functionalized silica particles of 70 nm, because epoxy and amine groups can react with 
each other. This surface becomes super-hydrophobic after being modified with PDMS [18]. 
 
The techniques applied in the second category are more complicated, because they 
involve chemical processes operating in the liquid solution. In a few special cases, dry 
etching and deposition processes are carried out in a vacuum chamber, which greatly limits 
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the applications of super-hydrophobic surfaces being fabricated by these processes. 
Moreover, each chemical process can only deal with one specified type of material. Once 
the processing material is changed, the whole fabrication process to make super-
hydrophobic surfaces has to be re-developed. 
 
Although the techniques described above have certain advantages to make super-
hydrophobic surfaces, their disadvantages also need to be addressed carefully. 
 The techniques in the first category require materials with low surface energies as 
the substrates for super-hydrophobic surfaces formation. Most of the materials in 
nature are with high surface energies and only few materials are with low surface 
energies. Current methods to make rough surfaces on low surface energy materials 
are constrained by their intrinsic properties. Thus, this technique can only work for a 
specified group of materials. 
 The techniques in the second category have employed both physical and chemical 
processes, including dry chemical etching, sol-gel processing and colloidal assembly. 
However, the dry chemical processes are operated in a vacuum chamber and only 
selected substrate materials are capable of reacting with the gas plasma. Sol-gel 
processing and colloidal assembly are operated in liquid environment. It is difficult 
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1.4. Benefits of Laser Micro/Nano-processing Approaches 
 
Laser micro/nano-processing is currently employed in numerous applications for 
both industry and scientific researches in microelectronics, LED display, micro-fluidic 
devices, bio-chips, photonic chips and micro-optical elements. Compared to many 
alternative technologies, laser has several unique advantages as a well established 
micromachining tool. As a non-contact process, short pulse and high power laser beams can 
be focused onto the material surfaces or into transparent materials, which does not cause the 
destructive deformation of the processing materials. Laser micro/nano-processing can be 
used to fabricate nano-structures with tiny and high precision feature sizes on a wide variety 
of materials. Besides hard materials, like metals, glass or ceramics, laser can also process 
soft materials, including polymer thin films and micro-fibers. Laser micro/nano-processing 
combined with high speed automation control can generate high process throughput at 
excellent process consistency and accuracy over a large area. The techniques to fabricate 
super-hydrophobic surfaces by laser means include laser machining and laser lithography. 
 
Laser machining is a process which uses a focused laser beam to selectively remove 
materials from a substrate and create a desired feature on substrate surfaces. Tommaso et al. 
presented a simple method to make super-hydrophobic silicon surfaces. The surfaces of 
silicon wafers are processed by femtosecond laser irradiation and then coated with 
fluoralkylsilane molecules. The laser irradiation creates a surface morphology with 
structures in micrometer or nanometer-scale, because this process is non-contact and has a 
high spatial resolution [19]. Lithography refers to a process in which a surface is patterned 
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by first coating photoresist, forming a desired pattern in the resist coating, and finally 
transferring the pattern onto the surface. Park et al. presented a laser lithography method to 
fabricate polymeric super-hydrophobic surfaces by reactive-ion etching of holographically 
featured three-dimensional structures. These super-hydrophobic surfaces have been 
fabricated by simply controlling the incident angle of the laser beam during the holographic 
lithography process [20]. 
 
Laser techniques have unique advantages to fabricate arbitrary structures in 
micrometer or nanometer-scale on various material surfaces. Therefore, lasers are employed 
as powerful tools to fabricate super-hydrophobic surfaces in this thesis. 
 
1.5. Research Contributions 
 
The main objective of this research is to develop laser micro/nano-processing 
techniques for super-hydrophobic surface fabrication on glass and metal substrates. The 
specific targets of this research are: 
 To gain better understanding of the physical principles behind super-hydrophobic 
surfaces formation by laser micro/nano-processing. 
 To explore femtosecond laser direct ablation process to micro-patterned thin film 
catalysts to control the growth of nano-wire clusters, and their effects on the surface 
wettability characteristic. 
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 To study the mechanism of laser ablation on metal substrates during the fabrication of 
dual scale roughness structures and the sequential change of the chemical properties on 
the surfaces of metal substrates. 
 To explore how the micro/nano-structures on the surfaces of metal and glass substrates 
affect the surface wettability. 
 To investigate surface energy changes associated with hydrophobic/hydrophilic surfaces 
by using various characterization methods (EDX and XPS).  
 To study the water droplet dynamic properties on these super-hydrophobic surfaces by a 
high speed camera. 
 
The results of this study provide novel and unique techniques to fabricate super-
hydrophobic surfaces by laser micro/nano-processing.  
 
1.6. Thesis outline 
 
The outline of the thesis is as follows: 
 
Chapter 2 presents the physical principles behind super-hydrophobic surfaces 
formation by laser micro/nano-processing. How surface energy and surface roughness affect 
the surface wettability is studied. The surfaces with dual scale roughness to mimic louts leaf 
can enhance the surface hydrophobicity. The general principles of laser micro/nano-
processing to texture the silicon surfaces are also discussed. 
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Chapter 3 shows super-hydrophobic surfaces with carbon nanotube (CNT) clusters 
can be fabricated by femtosecond laser micro-machining and chemical vapor deposition for 
hybrid micro/nano-structures formation. Nickel thin film microstructures, functioning as 
CNT growth catalysts, precisely control the distribution of the CNT clusters. To obtain 
minimized heat-affected zones, a femtosecond laser is used to trim the nickel thin film 
coating. Plasma treatment is subsequently carried out to enhance the lotus leaf effect. 
Wetting property of the CNT surface is improved from hydrophilicity to super-
hydrophobicity at a contact angle of 161°.  
 
In Chapter 4, pulsed UV laser micro-machining is applied to fabricate super-
hydrophobic surfaces on copper substrates. Dual scaled structures, with nanometer-sized 
particles being randomly distributed on the micro-textured surfaces, are formed during the 
laser ablation of copper substrates. It is observed that the copper surface is initially super-
hydrophilic at a contact angle < 10°. As the ablated copper surface is exposed to the ambient 
air, its surface wetting property gradually changes and leads to the increase of the contact 
angle. After exposure to the air for two weeks, it becomes super-hydrophobic and the 
contact angle is saturated at ~ 160º. Super-hydrophobic property of the laser textured 
surfaces is attributed to the double roughness structures. Similar phenomenon is also found 
on brass substrates after high-speed laser micro-processing using a galvanometer. It is found 
that the water contact angle of the brass substrate increases to 161°. 
 
Chapter 5 shows that the surface wettability transition can be greatly enhanced when 
the laser textured samples are immersed inside an organic solvent Isopropanol Alcohol 
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(IPA). Dual scaled roughness structures can be fabricated on iron surfaces by utilizing laser 
ablation. Just after the laser texturing, the sample surfaces are super-hydrophilic. The 
surface wettability can be changed to super-hydrophobic as being exposed to the ambient air 
for ~ 500 hours. However, it takes only ~ 3 hours to change the surface property from super-
hydrophilic to super-hydrophobic when it is immersed inside an IPA solvent, only 1/160 of 
the transition time for the samples being exposed to the ambient air.  
 
Chapter 6 summarizes the super-hydrophobic surface fabrication techniques by laser 
micro/nano-processing. Possible future researches are also proposed. 
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Super-hydrophobicity and super-hydrophilicity are the extreme cases of surface 
wettability. Whenever a drop of liquid is placed on the surface of a substrate, the liquid is 
expected to evolve until it reaches an equilibrium state [1]. When the surface is super-
hydrophilic, the drop spreads and covers the surface. On the other hand, when the surface is 
super-hydrophobic in the opposite case, it remains in a droplet shape and is easy to roll off 
from the surface. Super-hydrophobic surfaces have contact angles greater than 150°, 
showing a small contact area between the liquid droplet and the surface. This field is 
broadly categorized as wetting and spreading phenomena and aims to determine how a 
liquid behaves on the surface. Wetting phenomena are widespread in nature and occur 
whenever a surface is exposed to an environment [2]. Wettability on the material surfaces is 
generally governed by both their surface energy and surface roughness. Laser techniques 
have unique advantages to create micro/nano-structures on various material surfaces. Thus, 
laser micro/nano-processing can increase the surface roughness and enhance the 
hydrophobicity of these surfaces. 
 
In this chapter, physics behind super-hydrophobicity is introduced. Lasers are 
selected as processing tools to make artificial super-hydrophobic surfaces. 
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2.2. Physics on Surface Wettability 
 
The difference in the shape of water droplet on solid surfaces is often explained by 
surface wettability. Wettability control of a solid against a liquid has been widely explored 
in industrial applications. Adhesive forces between a liquid and solid cause a liquid droplet 
to spread across the surface. Cohesive forces within the liquid cause the droplet to maintain 
in a spherical shape and minimize the contact area with the surface [3]. 
 
A contact angle less than 90° (low contact angle) usually indicates the surfaces are 
hydrophilic, and the liquid spreads over a large area of the surface. A contact angle greater 
than 90° (high contact angle) generally means the surfaces are hydrophobic so the liquid 
minimizes contact with the surface and forms a compact liquid droplet [4]. 
 
2.2.1. Surface Energy 
 
There are two main types of solid surfaces which liquids can interact with. Solid 
surfaces have been divided into “high energy surface” and “low energy surface” [5]. The 
surface energy of a solid is related to the bulk nature of the solid itself. Solids, such as 
metals, glasses, and ceramics, are known as “hard solids”, because chemical bonds that hold 
them together (e.g., covalent, ionic, or metallic) are strong enough. Thus, it needs a large 
input of energy to break these solids so their surfaces have high surface energy. Liquids can 
achieve to wet the surfaces with high surface energy. 
 
Chapter 2: Surfaces Wettability Modification With Laser Micro/Nano-processing 
19 
 
The other type of solids is “weak solids” (e.g., fluorocarbons, hydrocarbons, etc.) 
where the molecules are held together essentially by physical forces and (e.g., Van der 
Waals and hydrogen bonds). Since these solids are held together by weak forces, it would 
take a low energy input to break them, and thus they have “low energy surfaces”. Low 
energy surface merely partially wets by water. 
 
2.2.2. Wettability on Ideal Flat Surfaces 
 
Both surface energy and surface roughness can affect wettability on the material 
surfaces. Firstly we study the wettability on an ideal solid surface, which is flat, rigid, 
perfectly smooth and chemically homogeneous and has zero contact angle hysteresis, which 
implies that the advancing and receding contact angles are equal. In other words, there is 
only one thermodynamically stable contact angle. Contact angle θ, which describes the 
degree of adhesion of liquid droplets onto an ideal solid surface, is given by Young’s 
equation as 
                                        lg cossg sl     ,     (2. 1) 
 
where γsg, γsl and γlg represent the interfacial free energies per unit area of the solid-gas, 
solid-liquid and liquid-gas interfaces [6]. 
 
From the theory of thermodynamics of solid-liquid-vapor systems, the minimization 
of the total energy in any particular case leads to Young’s equation. When the liquid 
advances, the area of the gas-liquid surface increases by a value proportional to cosθ, as 
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shown in Fig. 2. 1. This method relies on calculating the work dW done by moving the 
contact line by a distance dx, which is expressed as 




 , according to the principle of the least action, which can lead to the same 
form as Equation 2. 1 [7]. 
 
Figure 2. 1: The derivation of Young’s equation from the theory of 
thermodynamics for solid-liquid-vapor systems. 
 
If the equilibrium state for the droplet is established, the relation of the contact angle 
to γsl, γsg, and γlg is presented by the rearranged Young’s equation 







 .      (2. 3) 
 
When the surfaces are hydrophilic as shown in Fig. 2. 2 (a), γsg should be greater 
than γsl. Hence the liquid spreads over the solid surface at a higher surface tension in order 
to reduce the total free energy of the system. This is due to the strong molecular adhesion 
between the solid and liquid. 
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The other type of surface wettability is hydrophobic as shown in Fig. 2. 2 (b) and γsg 
should be smaller than γsl. The molecular adhesion between solid and liquid is weak. The 
liquid droplet on the solid surface almost maintains the spherical shape. Thus, modifying the 
surface material can change the water contact angle on solid substrates. 
 
 
Figure 2. 2: Schematic images of the wetting of a solid medium by a water 
droplet on (a) the hydrophilic surface and (b) the hydrophobic surface. 
 
2.2.3. Wettability on rough surfaces 
 
In the real case, solid surfaces are far from this ideal situation as shown in 
Fig. 2. 3 (a) and are relatively more and less rough. Contact angles of the droplet on the real 









Figure 2. 3: (a) Young, (b) Wenzel and (c) Cassie models for surface 
wettability of solid surfaces. 
 
Wenzel argued that if the droplet filled the roughness contours, it should enhance the 
wettibility with a linear relationship between contact angle and roughness. The Wenzel 
model describes the homogeneous wetting regime, as shown in Fig. 2. 3 (b) [8]. From the 
Young’s equation, when a roughness ratio of r, defined as the ratio of the area of a solid 
surface in contact with the water droplet over its projected area, is introduced to a smooth 
surface, the equation becomes 
                                             lg cossg slr r     .    (2. 4) 
Giving 









  .    (2. 5) 
 
Thus it gives the Wenzel’s equation cos cosW r  , where W  is the Wenzel’s 
contact angle formed by the water droplet on a surface with micro-structures, θ the original 
Young’s angle and r the ratio of the true area of solid surface in contact with the water 
droplet over its projected area, as defined above. 
(a) (b) (c) 
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Although Wenzel’s equation demonstrates that the contact angle of a rough surface 
is different from the intrinsic contact angle, it does not describe contact angle hysteresis. 
When dealing with a heterogeneous surface, the Wenzel model is not sufficient. A more 
complex model is needed to measure how the apparent contact angle changes when various 
materials are involved. 
 
This heterogeneous surface is explained using the Cassie-Baxter model. Starting 
from the Young’s equation, a general Cassie-Baxter equation can be written as 





i sg i sl







   ,   (2. 6) 
where fi is the respective material’s fraction on the substrate surface and cosθiY the Young’s 
angle formed by the respective material [9]. 
 
As shown in Fig. 2. 3 (c), the Cassie-Baxter wetting involves air gaps being stuck 
between the pillar arrays for the case of only a water droplet resting on a rough surface: 
                            1 1 2 2cos cos cosCB Y Yf f    ,    (2. 7) 
where f1 is the fraction of liquid droplet (apparent surface area) in contact with the solid 
pillar top’s area (actual wet surface area), θ1Y the Young’s angle formed by the water 
droplet, f2 the area fraction of the solid surface in contact with the trapped air gaps (thereby 
making this to be the fraction of the liquid droplet not in contact with the solid surface as 
well) and θ2Y the Young’s angle formed by an air gap. 
 




2Y   and 1 2 1f f   total liquid droplet (apparent surface area) area at the 
solid-liquid interface, Equation 2.7 is rearranged to have the following form: 
                     1 1 2 1 1cos cos (cos 1) 1CB Y Yf f f       ,   (2. 8) 
which gives the Cassie-Baxter equation in most literatures. 
 
When the surface roughness is small, Wenzel’s model is dominant. However, 
Cassie’s model becomes dominant with increasing surface roughness. The contact angle of a 
water droplet on idealized sinusoidal surfaces was simulated by Johnson. The results show 
that when the roughness factor is greater than a certain level, the dominant mode could 
transit from Wenzel to Cassie-Baxter [10]. In a practical hydrophobic surface with moderate 
roughness, both modes exist. An excellent water-repellent property on a super-hydrophobic 
surface is attained by increasing the contribution of Cassie-Baxter mode, which reduces the 
practical contact area between the solid and liquid droplet. 
 
2.3. Super-hydrophobic surfaces with dual scale roughness 
 
Rough surface can increase the contact angle and lead to super-hydrophobicity. The 
most famous example is the natural super-hydrophobic surface on a lotus leaf. SEM image 
of a lotus leaf has revealed the lotus leaf surface is covered with micrometer-sized papillae 
being decorated with nanometer branch like protrusions, as shown in Fig. 2. 4. The dual 
scale roughness is one of the key factors that lotus leaves can obtain super-hydrophobic 
surfaces [11]. 
 




Figure 2. 4: SEM image of the lotus leave surface. 
 
A theoretical consideration is given on the wetting states of dual-roughness surfaces. 
To adequately describe the contact mode of a water droplet sitting on a surface with two 
different length scales of roughness, a separate consideration of the contact mode of the 
liquid with micro-pillars and nano-pillars should be made. When the water droplet neither 
wets micron or nano asperities, it sits on top of the dual scale nano/micron-structures as 
shown in Fig. 2. 5.  
 
Here, fMS is the fraction of liquid droplet in contact with the micro-pillars top area 
and fNS the fraction of liquid droplet in contact with the nano-pillars top area. When nano-
pillars are fabricated at the top of the micro-pillars, the fraction of liquid droplet in contact 
with the dual-roughness surface is fMS fNS. The fraction fMS fNS on the dual scale roughness 
surface is smaller than either fMS on the micro-structure surface or fNS on the nano-structure 
surface, because fMS and fNS are both smaller than 1. When the fraction f1 in Equation 2. 8 is 
5 μm 
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substituted with the fraction fMS, fNS and fMSfNS, respectively, the water contact angle at the 
flat surface θ, the contact angle on the dual-roughness surface, are larger than that on the 











Figure 2. 5: Interface configurations on rough surfaces in different wetting 
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2.4. Surfaces Roughness Modification by Laser Micro/Nano-
processing 
 
Laser micro/nano-processing can fabricate different types of micro/nano-structures 
on the substrates and modify the surface roughness. Laser fabricated micro/nano-structures 
on the substrates is used to mimic the lotus leaves and achieve super-hydrophobic surfaces.  
 
2.4.1. Laser Ablation 
 
The common laser micro/nano-processing is laser direct ablation of materials. Laser 
ablation is the process of removing material from a solid surface [13]. The interaction 
mechanisms between the laser light and matter depend on the parameters of the laser beam 
and the physical and chemical properties of the material. Laser parameters includes 
wavelength, intensity, spatial and temporal coherence, polarization, angle of incidence and 
dwell time of laser processing at a particular site. For pulsed-laser irradiation, laser fluence 
is introduced as the standard parameter of laser interactions with materials [14]. The 
material is characterized by its chemical composition and arrangement of atoms or 
molecules, which determines the type of elementary excitation and their interactions. 
 
Laser wavelength is the primary factor in micro/nano-processing. This is because 
laser interaction with materials is greatly affected by material absorption characteristics. For 
example, plastics do not absorb laser radiation in the region extending from the near 
ultraviolet to the near infra-red. Lasers at shorter wavelengths have much higher photon 
energy, which is easy to break the chemical bonds of the materials. Furthermore, the spot 
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size at the laser focal point is proportional to the wavelength. Therefore, UV lasers, such as 
third harmonic Nd:YAG nanosecond laser and KrF excimer laser, are widely used in the 
laser micro/nano-processing [15]. 
 
Conventional laser ablation is mainly performed with a high power pulsed laser. 
This can excite free electrons at the material surface on the substrate. In general, the 
excitation energy is dissipated into heat within a short time. When heat treatment of surface 
with laser light intensity I is below the vaporization threshold IV (I < IV), the laser beam can 
be considered as a heat source which induces a temperature rise at the material surface, as 
shown in Fig. 2. 6 (a). The absorbed laser energy causes a temperature rise. The temperature 
distribution is determined by the optical and thermal properties of the material and the beam 
profile of the incident light. 
 
When the laser light intensity reaches a certain intensity which causes significant 
material vaporization (I > IV), melting and vaporization can take place at the material 
surface on the substrate, as shown in Fig. 2. 6 (b). Because of the temperature distribution, 
vaporization happens under the center area of laser irradiation with higher temperature, and 
melting happens under the surrounding area with the lower temperature. A vapor plume 
above the substrate surface can be formed. With further increased intensity, the number of 
species within the plume increases and interactions between the laser light and the vapor 
become important. Subsequently, it results in the ionization of species. Above a certain 
intensity IP, the vapor is more appropriately denoted as plasma. Because of the strong non-
linearity in this interaction, small changes in laser parameters may cause strong changes in 
Chapter 2: Surfaces Wettability Modification With Laser Micro/Nano-processing 
29 
 
processing results [16]. For this reason, precise control of the various processing parameters 
is important for repeatable experimental results. 
 
 
Figure 2. 6: Schematic of focused laser beam irradiation on the material 
surface when (a) laser light intensity is smaller than the vaporization 
threshold I < IV and (b) I > IV. 
 
In the laser ablation, a heat affected zone is left behind where molten material is re-
solidified in-situ or where material is heated sufficiently and cooled rapidly enough to result 
[17]. The heat affected zone cause the changes of material properties which affect the 
subsequent laser ablation performance. To reduce the transfer of heat out of the ablation 
zone, pulsed lasers are employed to ablate the material surfaces. Nanosecond pulsed lasers 
are widely used in industrial fields. In some scientific applications, it is required to use 
picosecond or femtosecond pulsed lasers to further reduce heat affected zone. Beside laser 
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absorption coefficient, thermal conductivity and heat capacity. Excellent thermal conduction 
can enhance the extension of the heat affected zone.  
 
The heat affected zone can also change the surface morphology by recast and 
formation of burrs. In laser ablation process, compressive forces can be created by the vapor 
and plasma plume at the laser focus point and cause the expulsion in molten pool of 
materials. A portion of the liquified material is solided again after pressed out of the ablation 
zone. The reduction of re-solid material can be implemented by the pulsed laser with higher 
peak power that can vaporize more melted materials. The higher laser peak power with a 
shorter pulse duration has less dynamic impact on the material. Therefore, the femtosecond 
laser can greatly reduce heat affected zone compared to the nanossecond laser [18]. 
 
Nano-paticles are the by-product of the laser ablation. Nano-paticles re-deposit onto 
the surface after the laser ablation. Nano-paticles change the chemical copositions of the 
substrate material during the laser ablation. Oxygen, water vapor or other gases and 
contaminants in the ambienet air interact with the nano-paticles at a high temperature [19]. 
 
2.4.2. Laser Multi-Beam Processing 
 
Laser ablation on materials typically is a single beam processing. The main 
disadvantage of the beam processing is low throughput. A multi-beam processing is 
developed to solve this problem. One of laser multi-beam processing is demonstrated by 
micro-lens array (MLA) lithography system. The UV laser beam is coupled into the MLA 
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after passing through a beam expander. The MLA has the ability to transform a UV beam 
into many tiny “light pens” [20]. These "pens" write on the sample coated with photo-
sensitive materials placed on a seven-axis nano-stage beneath the MLA, as shown in 
Fig. 2. 7. The sample surface is adjusted parallel to the MLA surface by the tip and tilt axes 
of the nano-stage, while its distance from the MLA is controlled by the Z-axis along the 
optical axis. The sample coated with photoresist is then exposed at the focal plane of the 
MLA. The distribution of the pattern array is exactly the same as that of micro-lenses. 
 
 
Figure 2. 7: Experimental setup of laser MLA lithography. 
  
By using the above mentioned setup, the lithography method is capable of achieving 
high throughput. To ensure the substrate surface lies within the depth of focus (DOF) of 
every micro-lens, the angle between the MLA and substrate surfaces cannot exceed the DOF 
divided by the size of the MLA, which is ~ 0.3 mrad. Figures 2. 8 (a) and (b) show the 
optical microscope images of the sample surfaces patterned by the laser MLA lithography 
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on the photoresist after development. In Fig. 2. 8 (a), every micro-pattern is in a spiral shape 
with 720° rotation. The radii of inner and outer arches are 2 and 4 µm, respectively. The line 
width of the spiral shape is 1 µm except at the starting and ending points. The scanning 
speed is 8 µm/s and the exposure time is 6 s. In Fig. 2. 8 (b), every micro-pattern is a mirror 




Figure 2. 8: (a) & (b) Optical images of the exposure patterns on 
photoresist by the laser MLA lithography.  
(a) 
(b) 




     
 
Figure 2. 9: (a) & (b) SEM images of 3D micro-structures fabricated on 
silicon substrates by the laser MLA lithography and reactive dry etching. 
 
To further enhance the applications of the laser MLA lithography, the 2D fabricated 
patterns are transferred down to a metallic thin film (used as a hard mask) via lift-off 
process. 3D micro-structures can be fabricated by reactive dry etching. Figures 2. 9 (a) and 
(b) show the SEM images of micro-structures fabricated by the laser MLA lithography. The 
(a) 
(b) 
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cell pattern in Fig. 2. 9 (a) is three half circles, each with a radius of 10 µm placed at the 
apexes of a right triangle, with a line width of 1 µm. The cell pattern in Fig. 2. 9 (b) is a sine 




Figure 2. 10: (a) & (b) SEM images of 3D micro-structures formed on 
PDMS by soft lithography with the structures shown in Figs. 2.9 (a) & (b) 
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Structured Polydimethylsiloxane (PDMS) surfaces are made by soft molding 
Sylgard 184 silicone elastomer with these fabricated micro-structures. Sylgard 184 is 
supplied as two-part liquid component kits mixed in a 10:1 ratio by weight. Mixed Sylgard 
184 is pressed by the micro-structured silicon molds inside a vacuum chamber to avoid gas 
bubble remaining inside. Then it is peeled off from the silicon molds after curing at 125°C 
for 20 minutes. Figures 2. 10 (a) and (b) show the SEM images of the PDMS with concave 
micro-structures formed after the soft lithography. The size and depth are the same as the 
silicon molds. It demonstrates that the 3D micro-patterns fabricated by the laser MLA 




In summary, the physical principles behind super-hydrophobic surfaces formated by 
laser micro/nano-processing are presented in this chapter. Surface energy and roughness are 
two main factors to turn surface wettability. Wenzel’s and Cassie-Baxter’s equations are 
derived from Young’s equation to describe contact angles on surface roughness. In the 
Wenzel’s model, the liquid completely fills up the gaps between the rough structures. 
Therefore there is an increase in the total surface area which the water droplet is in contact 
with as compared to a perfectly flat homogeneous surface. Cassie-Baxter model is applied in 
hydrophobic conditions. The liquid droplet is assumed to rest on the top of the rough 
structures, leaving air gaps between the spikes structures. The surfaces with dual scale 
roughness to mimic louts leaf can enhance the surface hydrophobicity. The general 
principles of laser micro/nano-processing to texture various surfaces are also specified. 
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Laser multi-beam processing is demonstrated by MLA lithography system, which has great 
potentials for super-hydrophobic surface fabrication. 
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SURFACES FABRICATION BY FEMTOSECOND 




Super-hydrophobic transparent surfaces have attracted more and more research 
interest recently because of their applications in solar cell panels, window treatments, etc. 
To make surface rough is one of the necessary conditions to achieve super-
hydrophobicity [1]. However, surface roughness and transparency are two competitive 
properties. Surfaces with high roughness are with low transparency, which is mainly 
caused by Mie scattering [2]. Rayleigh scattering can be used to explain the particle 
scattering, when the radius of the particle is much smaller than the wavelength of the 
incident light. The optical quality of the film can be improved when the roughness 
dimension is much less than the wavelength of light. The intensity of the Rayleigh 
scattering radiation increases rapidly as the ratio of particle size to wavelength increases. 
Therefore, sub-100 nm roughness is preferable to achieve high transparency in visible 
light [3]. The conventional fabrication of super-hydrophobic surfaces often either 
requires expensive lithographic tools to achieve small feature sizes or involves 
complicated chemical synthesis procedures [4]. 
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Carbon nanotube (CNT) coatings are used for the fabrication of super-
hydrophobic surfaces. Li et al. have synthesized super-hydrophobic bionic surfaces with 
hierarchical micro/nano-structures by decorating CNTs on monolayer polystyrene 
colloidal crystals with a wet chemical self-assembly technique to achieve a water contact 
angle of 166° [5]. Although the CNT coated surface is a promising candidate to fabricate 
super-hydrophobic surface, it can inevitably increase the surface roughness, which results 
in a non-transparent surface. In order to address this issue, this chapter demonstrates a 
way to achieve super-hydrophobic surface with high transparency patterned by CNT 
clusters over a large area by femtosecond laser micro-machining and chemical vapor 
deposition (CVD). 
 
3.2. Fabrication of CNT Clusters 
3.2.1. Process Flow of CNT Cluster Fabrication 
 
The fused quartz glass is chosen as the experimental substrate for CNT clusters 
growth [6]. The processing diagram to fabricate square shaped CNT clusters is shown in 
Fig. 3. 1. The process flow can be summarized in four steps.  
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Figure 3. 1: Processing flow of super-hydrophobic surface fabricated by 
femtosecond laser micro-machining and chemical vapor deposition. 
 
Firstly, a nickel thin film at a thickness of ~10 nm is coated on the quartz surface 
by an electron-beam evaporator. This technique is based on high energy electron beam 
bombardment on the material, evaporation of the source material and the subsequent 
condensation on the substrate. The electron beam is generated by an electron gun, which 
uses the thermionic emission of electrons produced by an incandescent filament. Emitted 
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electrons are accelerated towards an anode at a high voltage (kilovolts). The crucible can 
act as the anode. A magnetic field is applied to bend the electron beam trajectory, 
allowing the electron gun to be positioned below the evaporation. As the electrons are 
focalized, a localized heating are obtained on the material to evaporate nickel metal, with 
a high density of evaporation power. This allows controlling the evaporation rate and 
depositing the material at a high melting point. The melting point of nickel is 1453°C and 
boiling point is 2732°C. Quartz crystal microbalance (QCM) measurement system is 
installed to monitor nickel deposition on quartz substrate, thickness data and automatic 
source shutter control. The nickel thin film is used as a catalyst to control the CNT 
growth. The thickness of nickel thin film affects the density and size of the CNTs. 
 
Secondly, femtosecond laser micro-machining is used to pattern the nickel thin 
film, as shown in Fig. 3. 2. The key component is Ultrafast Ti: Sapphire laser (Tsunami 
Model 3960) with a regenerative amplifier (Spitfire Model F-1K) from Spectra physics. 
The wavelength is 800 nm and the pulse duration is 100 fs. The pulse repetition rate is 
fixed at 1 kHz, and the maximum pulse energy is up to 1 mJ. The system is also equipped 
with a beam attenuator in order to tune the output power. The laser beam is focused into a 
spot at a size of a few micrometers in diameter by a Mitutoyo M-plan NIR 50× objective 
lens. Three-axis motorized stage is placed beneath the objective lens. The quartz substrate 
coated with the nickel thin film is fixed on the stage. The laser beam irradiates the nickel 
thin film perpendicularly. The stage along the optical axis can shift the nickel thin film to 
the laser focus plane with the guide of a CCD camera. By controlling the sample stage 
movement within the two horizontal axes, the well focused laser beam is able to trim the 
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nickel film from the quartz substrate. Compared to conventional photolithography, the 
femtosecond laser micro-machining is a maskless process. Arbitrary patterns could be 
flexibly fabricated through modifying the computer controlled graphic software. 
 
Figure 3. 2: Schematic of femtosecond laser micro-machining for patterning the 
nickel thin film. 
 
Thirdly, CNTs are grown inside a thermal CVD chamber on the quartz substrates 
with patterned nickel thin films, as shown in Fig. 3. 3 [7]. The thermal CVD system 
consists of a quartz tube furnace which can operate till 1200°C. The chamber is filled 
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temperature of 650 °C for 10 mins. Soda-lime glass can be melted during the CNT 
growth, therefore fused quartz glass is a good choice as the substrate. 
 
Figure 3. 3: Schematic of thermal CVD for carbon nanotube growth. 
 
The last step is plasma treatment of the CNT clusters in a reactive ion etching 
(RIE) system, as shown in Fig. 3. 4 [8]. In RIE, the quartz substrate with CNT clusters is 
placed inside a reactor in which CHF3 gas is introduced. Plasma is generated using an RF 
power source, breaking the CHF3 gas molecules into ions. These ions are accelerated 
towards the surface of the CNT clusters. The surface of the CNT clusters is removed by 
plasma treatment and carried out by using CHF3 gas at a flow rate of 55 sccm for 10 
seconds.  
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Figure 3. 4: Schematic of reactive ion etching system. 
 
3.2.2. Femtosecond Laser Micro-machining 
 
Femtosecond laser micro-machining is applied to trim nickel thin films coated on 
the quartz substrate. The pulse duration of the femtosecond laser is short enough so that 
there is insufficient time for the pulse energy to be distributed to the substrate in the form 
of heat. Thus, particularly at low pulse energies, there is minimal or no heat-affected zone 
(HAZ). The depth of focus for the objective lens with 50× magnification is smaller than 
5 μm. Hence, more attention has to be taken during searching for the laser focus plane 
with the assistance of a CCD camera. The laser fluence is set at 33 J/cm
2
 and pulse 
repetition rate is 1 kHz. The scanning speed is 100 mm/min. The femtosecond laser 
micro-machining is able to fabricate square shaped micro-patterns at well-controlled size 
and pitch. The femtosecond laser can remove the nickel thin film completely without 
affecting the surrounding or substrate layers by thermal effects, as shown in Fig. 3. 5. In 
Quartz substrate 
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the meantime, the focused laser beam scratches the quartz surface slightly and forms 
shallow nano-grooves. The nickel nano-particles, generated from plasma species in the 
laser micro-machining, scatter around the processed surface resulting growth a few CNTs 
in the gaps of clusters. 
 






 ,            (3. 1) 
where F is the focal length, λ the wavelength and D the incident beam diameter. The 
objective lens has an affective focusing length of 4 mm and the incident beam is 2 mm in 
diameter. According to Equation 5. 1, the minimum focused spot size is calculated as 
2.04 μm in diameter. However, this femtosecond laser beam has a large divergent angle 
and a high order TEM mode and the actual spot size is ~ 10 μm. 
 
 
Figure 3. 5: Nickel thin film on the quartz substrate trimmed by a femtosecond 
laser. 
5 μm 
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3.2.3. CNT Cluster Growth  
 
After the laser micro-machining, the growth of CNT clusters is controlled by the 
nickel thin film micro-patterns. Thermal CVD is used to grow large-scale CNTs on the 
substrate coated with nickel catalyst [10]. When the sample is heated up to 650ºC, the 
initially continuous nickel thin film is melt and becomes droplets in nanomete size. These 
droplets are the necessary precursors for the catalytic growth of CNTs. After the 
acetylene gas is introduced into the chamber, the CNTs start to grow. CNTs only grow at 
the sites of the nickel due to the catalyst effect. The acetylene gas molecules are 
decomposed at the surface of the nickel catalyst particles, and the carbon is transported to 
the edges of the particles, where it forms the nanotubes. The nickel catalyst particles can 
stay at the tips of the grown CNTs during the growth process, or remain at the nanotube 
base, depending on the adhesion between the nickel catalyst particles and the substrate. 
The whole process is described as the thermal catalytic decomposition of hydrocarbon 
assisted CNT growing process. It has become an active area of research and can be a 
promising route for the mass production of CNTs. 
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Figure 3. 6: (a) - (c) SEM images of hybrid micro/nano-structures of CNT 
clusters with super-hydrophobic surface made by femtosecond laser 
micro-machining and chemical vapor deposition in different scale bars of 
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The length of CNTs can be controlled by the growing time. SEM images of the 
CNT clusters from micro-scale to nano-scale are illustrated in Fig. 3. 6. The CNT clusters 
can be fabricated over a large area as shown in Fig. 3. 6 (a). The cluster size is 17 µm and 
the array pitch is 30 µm, as shown in Fig. 3. 6 (b). The height of the CNT clusters is ~ 5 
μm measured by an optical microscope. Fibril-like morphology of CNT nanowires is 
shown in Fig. 3. 6 (c), and the diameters of CNT nanowires are ranging from 50 to 200 
nm. The CNTs are grown in a high density and most of them are twisted together. CNTs 
can be categorized by their structures as single-wall nanotubes (SWNTs) multi-wall 
nanotubes (MWNTs). SWNTs are tubes of graphite that are normally capped at the end 
[11]. They have a single cylindrical wall. Most SWNTs typically have diameters close to 
1 nm. MWNTs can appear in the form of coaxially assembled SWNTs [12]. The 
diameters of MWNTs are typically in the range of tens of nanometers to hundreds of 
nanometers. Therefore, CNTs fabricated on the quartz substrate are MWNTs. 
 
3.3. Characterizations of CNT cluster surface 
3.3.1. Transparent Property of CNT Clusters 
 
The sample surface with the CNT clusters is transparent. Figure 3. 7 represents 
the image of two characters "E" and "n" observed through the surface of squared CNT 
clusters.  
Chapter 3:  Super-hydrophobic Transparent Surfaces Fabrication by Femtosecond Laser Micro-





Figure 3. 7: Optical image of characters "E" and "n" through the surface of 
CNT square clusters. 
 
At the visible wavelength range, the CNT square clusters fabricated have 
transmittance up to 63%, which is measured by a UV-Vis spectroscopy in Fig. 3. 8 [13]. 
For the comparison, the transmittance of unpatented CNT thin film with the same 
thickness as the CNT square clusters has only 3%. The transmittance can be controlled by 
the size and pitch of CNT clusters. Although CNT clusters are non-transparent, light can 
go through the gaps between adjacent clusters. Total transmittance of the patterned CNT 










    ,     (3. 2) 
where totS  is the substrate area, CNTS  the area of the squared CNT cluster and   the 
transmittance of uncovered area.  
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Unpatterned CNT thin film
 
Figure 3. 8: Transmission spectrum of CNT clusters and unpatented CNT 
thin film. 
 
The CNT square clusters are periodically arranged micro-structures in two 
dimensional planes, whereas a and b are the size and pitch of the CNT square clusters, 
respectively, as shown in Fig. 3. 9. The areal ratio of the uncovered area over the 
substrate area is 69%, whereas the measured transmittance 63% which is slightly lower 
than the uncovered areal ratio. It could be attributed to surface contaminations and nano-
grooves existing in the gaps. The value of  , which represents the transmittance of the 
uncovered area, is 91% of the estimation. 
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Figure 3. 9: Schematic of CNT cluster super-hydrophobic surface 
in the top view. 
 
Though surface roughness can enhance the hydrophobicity, surface roughness and 
transparency are competitive properties which need to be comprised with each other in 
the pattern design and fabrication. The patterned CNT clusters increase the roughness of 
quartz surface; however the deviation of the surface roughness is not uniform. Light can 
transmit through the region without CNT cluster. Due to the resolution limit of human 
eyes at ~ 100  m, the whole CNT cluster region is visually uniform and transparent 
[14]. Furthermore, this method is also different from the previous reported approaches, in 
which super-hydrophobic surfaces are achieved by uniform roughness at tens of 
nanometers and light transmit property of those surfaces is dominated by Mie theory. For 
this design, CNT clusters are much larger in size than the visible light wavelength and 
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3.3.2. Hydrophobicity Enhancement by Plasma Treatment 
 
The contact angle of the quartz surface with CNT clusters is measured with ultra-
pure water. The contact angle is measured by forming a water droplet on the surface. 
After the image of the water droplet is taken, the contact angle is determined by using the 
graphic tools of image processing software. The surface with CNT clusters before the 
plasma treatment is hydrophilic and less hydrophobic. The contact angle ranges from 80° 
to 130°. This phenomenon is caused by the presence of hydrophilic functional group on 
the CNT surface. In the CNT growth process, the reaction chamber is pumped down to 
~10
-5
 bar. However, small amount of oxygen and water molecules still remain inside the 
chamber. When CNT clusters stop growing but the chamber is still at a high temperature, 
oxygen and water molecules react with CNTs. The hydrophilic functional groups (e.g. -
OH) can be formed on the surface of CNT clusters. CHF3 plasma treatment inside a RIE 
chamber is used to remove the hydrophilic layer from the CNT surface. The process takes 
ten seconds. Oxygen concentration before and after the plasma treatment are examined 
by Energy Dispersive X-ray Spectroscopy (EDX), as shown in Fig. 3. 10 (a) [15]. It 
shows that the concentration of oxygen atoms on the CNT surface can be significantly 
reduced after the plasma treatment. Thus, the hydrophilic functional groups (e.g. -OH) 
can be removed from the CNTs grown, as shown in Fig. 3. 10 (b). 
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Figure 3. 10: (a) EDX spectra of the CNT cluster surface before and after 
the plasma treatment and (b) Illustration plot of plasma treatment to 
remove the hydrophilic functional groups (e.g. -OH), which can be 
removed from top of the CNTs. 
 
The substrate surface becomes super-hydrophobic as the contact angle increases 
up to 161° after the plasma treatment, as shown in Fig. 3. 11. On CNT cluster super-
(a) 
(b) 
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hydrophobic surfaces, the water droplet forms and maintains in a spherical shape. It rolls 
down freely and carries away contaminates on the surface to achieve self-cleaning effect. 
 
 
Figure 3. 11: optical images of water droplet on the CNT cluster super-
hydrophobic surface. 
 
There is another interesting characristics of the CNT cluster super-hydrophobic 
surface. The quartz surface is not fully covered by CNT and partially area of the surface 
is exposed to the air on CNT cluster surface, which is the reason why CNT cluster 
surface is transparent, as show in Fig. 3. 12 (a). However, the uncovered surface is 
hydrophilic at a contact angle < 20°. Therefore, the wettability of the surface is not 
uniform. As the CNT cluster surface is super-hydrophobic, the contact angle is governed 
by Cassie-Baxter’s equation as follows [16] 
1cos (cos 1) 1CB Sf    ,                                                 (3.3) 
where CB  is the Cassie-Baxter contact angle, 1  the contact angle on smooth surface, 
and fs the fraction of the rough surface area in contact with a water droplet to the apparent 
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surface area covered by the water droplet. The smaller the fraction fs is, the more 
hydrophobic the rough surface becomes. Under the water droplet, nano-sized gas gap 
exists among each CNT in the CNT clusters because the CNT coating is hydrophobic. To 
investigate whether the water flowing into the micro-sized gap among each CNT cluster 
and uncovered hydrophilic surfaces affect the hydrophobicity of the CNT cluster surface, 
another sample with micro-structure surface fully covered with CNTs, as show in Fig. 3. 
12 (b), is prepared. To prepare this sample, micro-square pillar array are fabricated on 
silicon substrates by laser micro-machining, the size, height and pitch of micro-square 
pillar array are the same as the CNT cluster surface. Then nickel thin film is coated on the 
micro-square pillar array and CNTs are grown on the whole surface with processing 
parameters exactly the same as the processes of CNT clusters. 
 
Figure 3. 12: Schematic of (a) the CNT cluster sample and (b) the sample 
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Figure 3. 13: (a) and (b) SEM images of the sample with micro-structure 
surface fully covered with CNTs in different scale bars of 50 and 10 μm, 




Chapter 3:  Super-hydrophobic Transparent Surfaces Fabrication by Femtosecond Laser Micro-
machining and Thermal CVD 
59 
 
Figures 3. 13 (a) and (b) show SEM images of the sample with micro-structure 
surface fully covered with CNTs. Water contact angle of this sample is measured as 162°, 
as shown in Fig. 3. 13 (c). Taking the observational error into account, the 
hydrophobicity on the surface of the sample fully covered with CNTs is the same as that 
of CNT cluster surface. If the water interface is in touch with the hydrophilic surface 
among the CNT clusters, the fraction fs of CNT cluster surface should be much larger 
than that of the sample fully covered with CNTs, which causes water cluster surface 
greatly smaller than that of the sample fully covered with CNTs. Thus, the micro-sized 
gas gaps in between of the CNT clusters exist and uncovered hydrophilic surfaces do not 
affect the hydrophobicity of the CNT cluster surface. 
 
3.3.3. Dynamic Behavior of Water Droplet on CNT Cluster Surface 
 
To further study the super-hydrophobic property of the CNT clusters, the dynamic 
behavior of water droplets on the CNT clusters is also investigated. This is captured by a 
high-speed camera at a 1000 Hz frame rate and selected time sequence of images with the 
interval of 5 ms are presented in Fig. 3. 14, which shows the behavior of a water droplet 
impacting on the CNT cluster surface during its impact.  
Chapter 3:  Super-hydrophobic Transparent Surfaces Fabrication by Femtosecond Laser Micro-












Figure 3. 14: Snapshots of a water droplet impacting on the super-
hydrophobic surface of CNT cluster super-hydrophobic surface fabricated 
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The impact velocity is ~ 1 cm/s. As shown in the images, the droplet firstly 
deforms and flattens into a pancake shape, then retracts and finally rebounds off the 
surface. The droplet remains completely intact during the collision and does not splash or 
fragment into smaller droplets. The total contact time (~ 20 ms) of the droplet with the 
CNT cluster surface is found to be independent of the impact velocity. The droplet 
advances and recedes at an angle greater than 90
o
. It is because that the surface is super-
hydrophobic and the droplet has sufficient momentum to leave the surface. It can carry 




A flexible way to fabricate transparent super-hydrophobic surfaces is presented. 
Nickel thin film is coated on the quartz surface by the electron-beam evaporation and 
then used as a catalyst to control the growth of carbon nanotubes. Femtosecond laser is 
applied to trim the nickel thin film on the quartz substrate and fabricate micro-square 
nickel patterns with minimal heat accumulation and dissipation. Carbon nanotubes are 
grown only on the areas covered by the nickel thin film by chemical vapor deposition. 
The carbon nanotubes forms squared clusters in the well-controlled areas. To further 
enhance the lotus leaf effect, plasma treatment is carried out and wetting property of CNT 
cluster surface is improved from hydrophilicity to super-hydrophobicity with its contact 
angle at 161
o
. This super-hydrophobic film is still transparent with 63% transmission. 
The technique can be easily extended to a large area patterning by advanced laser micro-
fabrication and CVD process. This simple and cost-effective method benefits the mass 
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production of transparent and self-cleaning substrates as the windows for vehicles, solar 
cells and high-rise buildings. 
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Metals, like copper and copper alloys, are important materials used in modern 
industries. They have good electrical and thermal conductivities, mechanical workability 
and their relatively nonreactive properties. They are widely used in many applications for 
maritime and offshore industries as valves and pipelines for sea water transportation and 
heat exchangers. The main problem in these metal facilities is metal corrosion, which has 
attracted much research interest [1]. One of the potential solutions to reduce the metal 
corrosion is to make the metal interfaces as water super-hydrophobic [2]. Super-
hydrophobicity describes strong water repelling property on material surfaces. This 
phenomenon is firstly observed in nature, as being prominently demonstrated on the lotus 
leaf and other organic surfaces. It is observed that the lotus leaf is covered with numerous 
micro/nano-structures, which motivates researchers to create artificial super-hydrophobic 
surfaces by mimicking the lotus leaf [3]. Many super-hydrophobic surfaces are fabricated by 
the self-assembly of micro/nano-structures and other complicated chemical methods [4]. 
However, one of the drawbacks of these super-hydrophobic surfaces is that they are fragile, 
although they can achieve contact angles above 160° for super-hydrophobic property.  
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In this chapter, the super-hydrophobic surfaces are directly fabricated on the metal 
surfaces using a high power pulsed UV laser. Laser is a flexible micro-fabrication tool 
which allows the precise control over the required dimensions of micro-structures and 
fabricates the super-hydrophobic surfaces over a large area without further chemical 
process. Especially, the UV laser at a short wavelength allows achieving smaller focused 
spot sizes than other lasers, which is more appropriate to be applied in the micro-fabrication 
[5]. Hence, the laser fabricated metal super-hydrophobic surfaces have more stable physical 
and chemical properties for the durable super-hydrophobility. 
 
4.2. Laser Micro-machining On Copper Surfaces 
 
 A third harmonic 355 nm/10 ns (FWHM) DPSS Nd:YAG laser (HIPPO laser, 
Spectra-physics) is used for the laser micro-machining of copper substrates. The laser beam 
irradiates on the copper surfaces perpendicularly and is focused on the surfaces at a diameter 
of 10 μm by a Mitutoyo M-plan 50× objective lens. The sample is placed under the 
objective lens moving with a motorized stage. A CCD camera is used to observe the process 
of the laser texturing in real time. CNC programming is applied to control the stage 
movement to achieve the desired laser textured patterns on the substrate surfaces. Surface 
roughness is tuned by varying laser fluence and pattern designs. Before the laser ablation, 
the sample is polished by fine grade silicon carbide papers to remove naturally grown 
oxidation layer and contamination on the substrate surface.  
 







Figure 4. 1: (a) - (c) SEM images of the laser textured copper surfaces at a 
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Surface morphology is examined with a field emission scanning electron microscope 
(SEM, Hitachi S4100). The SEM images of the laser textured copper surfaces at a groove 
pitch of 30, 50 and 80 μm are shown in Figs. 4. 1 (a) - (c). The groove depth and width are 
7 μm and 6 μm, respectively. It can be observed that the micro-size spike structures are 
formed on the copper surfaces after the laser ablation. These spike structures protrude along 
the groove edge at a height of ~ 10 μm. Meanwhile, there are many nano-particles at a size 
from 400 to 700 nm being deposited on the top of the micro-spike structures. The formation 
of these double-scaled structures is attributed to the dynamic laser ablation. Under the 
irradiation of the pulsed high power UV laser beam, copper substrate is melted when it is 
heated from room temperature up to its melting temperature. A part of molten copper is 
evaporated by further heating until it reaches the vaporization point. Copper vapor can 
create a pressure force pushing molten copper away from the ablation centre. Thus the 
ablation crater forms and the micro-ripples are protruded around the ablation crater. The size 
and depth of the crater depend on laser fluence and beam profile. Meanwhile, some molten 
copper splashes and forms micro-size debris being scattered around on the surface. During 
the laser ablation, evaporated copper atoms cool down and condensate into nano-particles 
via strong collisions with ambient gas molecules and finally scatter on the top of the micro-
structures, which form double-scaled structures on the copper surface. The laser beam scans 
over the surface according to the designed patterns, which forms periodic double-scaled 
structures on the surface. The surface roughness is a key factor affecting its surface 
wettability, which can be tuned by varying laser fluence and pattern design. At a laser 
fluence of 1.7 J/cm
2 
and a scanning speed of 0.5 mm/s, three different texturing patterns at a 
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groove pitch of 30, 50 and 80 μm can achieve different roughness (Ra) of 5.4, 3.3 and 
2.1 µm, respectively. 
 
4.2.1. Contact Angle Evolution of Laser Textured Copper Surfaces in Air 
  
 The contact angle evolution of the laser textured surfaces at different surface 
roughness is shown in Fig. 4. 2. The water droplet volume for the testing is 1 µl. Just after 
the laser ablation, the droplet completely wets the laser textured area at a contact angles of 
< 10°. It shows that this laser textured copper surface is super-hydrophilic. However, the 
contact angle increases with time as the textured copper surface is exposed to the ambient 
air. The contact angle changes rapidly in the first four days. Then, the increase of the contact 
angle slows down gradually within the next ten days. Finally the contact angles of the three 
samples saturate at 160°, 148° and 141°, as shown in Fig. 4. 2. As a reference, the flat 
copper surface just after polishing is hydrophilic at a contact angle ~78°. After exposure to 
the air for two weeks, the flat copper surface becomes hydrophobic at a contact angle ~119°. 
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Figure 4. 2: Contact angle evolution for the three laser textured copper 
surfaces with the exposure time to the air at different surface roughness. 
 
 To describe the evolution of the contact angle, a mathematic fitting model is 
proposed to describe the relationship between the contact angle θ and the exposure time t. 
The measured contact angles with the exposure time of the laser textured surface are fitted 
to an exponential curve expressed as follow: 
/ *
0(1 )
te     
 ,      (4. 1) 
where θ0 is the initial contact angle just after the laser ablation, θ
*
 the contact angle increase 
at its saturation and α the time constant. Estimated from the three fitting curves, the constant 
values α for the three samples are almost the same at ~ 2.5. It indicates the contact angles of 
all the samples saturate at the same time though their surface roughness are different. It can 
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be observed from Fig. 4. 2 that the sample can achieve a larger contact angle at a higher 
surface roughness.  
 
 Figure 4. 2 also shows an interesting phenomenon that the contact angle of the 
sample at a higher surface roughness is smaller in the first two days of the evolution. In the 
early stage of the evolution, all the samples are hydrophilic and its physical property can be 
explained by Wenzel model  
                                                  cos cosr r  ,                                                                (4. 2) 
where θr and θ are the water contact angles on rough and smooth surfaces and r the ratio of 
rough surface area to flat surface (r is a number larger than 1). In Wenzel's state, water fills 
the microstructures and the contact area of water with a rough surface is larger than a 
smooth surface [6]. Wenzel’s equation predicts that the surface roughness leads to the 
decease of the contact angle. Therefore, the contact angle of the sample at a higher surface 
roughness is smaller at the beginning of the evolution. However, at the late stage of the 
contact angle evolution, the samples become hydrophobic at the contact angle ~ 100° when 
the copper surface is exposed to the air for three days, which is in Cassie-Baxter’s state, 
instead of Wenzel’s state. In this case, water droplet rests upon the microstructures with the 
air filling inside the microstructures below the droplet, which is governed by Cassie-Baxter 
model as  
                                                         cos (cos 1) 1r f    ,                                                            (4. 3) 
where θr and θ are the contact angles of rough and smooth surfaces and f the ratio of the 
surface area of the microstructures in contact with a water droplet to the surface area 
covered by the water droplet [7]. Cassie-Baxter’s equation predicts that the surface 
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roughness further increases the contact angle. Therefore, a higher surface roughness 
achieves a larger contact angle until it saturates. 
 
4.2.2. Copper Surface Characterization by XPS 
 
To have a better understanding of the mechanisms behind the evolution of the 
surface wetting properties, X-ray Photoelectron Spectroscope (XPS) is employed to 
investigate chemical compositions on the copper surfaces [8]. Figure 4. 3 shows the wide 
scan XPS spectra of the copper surfaces before, just after the laser ablation and exposure to 
the air for two weeks. Three strong fundamental peaks of carbon 1s, oxygen 1s and copper 
2p can be observed for all the samples with the binding energy (BE) of 285, 532 and 930 eV, 
respectively. Table 4.1 summarizes oxygen, copper and carbon concentrations on the copper 
surfaces. It can be found that for the sample just after the laser ablation, the atomic 
concentrations of oxygen and copper increase, but the carbon concentration decreases 
compared to the other two samples. While after being exposed to the air for two weeks, 
carbon concentration increases back from 31% to 74%, and copper and oxygen 
concentrations decrease from 40% to 18% and 26% and 5%, which are almost the same as 
the original sample. This phenomenon may be because nonpolar carbon accumulates and 
attaches at the laser textured metal surface. The nonpolar carbon is a key factor contributing 
to the formation of a hydrophobic surface [9]. 
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Table 4.1: Atomic percentages of different elements on original sample, sample just after 
the laser ablation and sample exposed to the air for two weeks after the laser ablation. 
 
Atomic Percentage (%) Carbon (1s) Oxygen (1s) Copper (2p) 
Original Sample 73 19 4 
Sample just after the laser ablation 31 40 26 
Sample exposed to the air  
for two weeks after the laser ablation 
74 18 5 
 
 

































 Sample just after the laser ablation
 Sample exposed to the air for 2 weeks 





Figure 4. 3: Wide scan XPS spectra of the copper surfaces on the original 
copper surface, just after the laser ablation and sample exposed to the air 
for two weeks after the laser ablation. 
 
Copper chemical properties are further analyzed by narrow scan XPS spectra, as 
shown in Fig. 4. 4. For the original copper substrate (just a few hours after the silicon 
carbide paper polishing), the copper exists in two chemical forms of pure copper and copper 
oxide, evidenced by Cu 2P3/2 peak at 932.4 eV (Cu) and 2P1/2 peak at 934.7 eV (CuO). 
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Existence of the copper oxide is due to the nature oxidation of copper. After the laser 
ablation, the pure copper peak disappears. The laser ablation leads to the strong oxidation of 
copper surface due to the laser heating of copper surface to a few thousand degrees in a 
short time (~ 10 ns). Therefore the entire sample surface becomes CuO after the laser 
ablation, which Cu 2P3/2 peak is found at 934.4 eV. When the sample exposes to the air for 
two weeks at room temperature after the laser ablation, it can be found the Cu 2P3/2 peak 
observed is split into dual peaks at the BE of 934.4 eV and 932.7 eV, which implies that 
CuO is deoxidized. It can also be confirmed from XPS handbook that CuO and Cu2O have 
two satellite peaks at BE of ~ 8 eV higher than that of 2P1/2 and 2P3/2 peaks. However Cu 
does not have these two satellite peaks. The appearance of the satellite peaks for the sample 
exposed to the air for two weeks after the laser ablation implies that the copper species are 
CuO and Cu2O, instead of Cu though the 2P3/2 peaks of Cu and Cu2O, are quite close. This 
phenomenon is also reported by Chang et al. that the partial deoxidation of the CuO (which 
is grown on top of copper oxide nanowires at 300°C) into Cu2O happens when the sample is 
exposed to the air at room temperature [10]. Flat Cu2O surface is hydrophobic at a contact 
angle of ~ 110°. This deoxidation process can also explain why the oxygen concentration of 
the laser ablated surface reduces after the two weeks exposure of the sample to the air. 
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Figure 4. 4: Narrow scan XPS spectra for Cu 2p on the original copper 
surface, just after the laser ablation and sample being exposed to the air for 
two weeks after the laser ablation. 
 
4.2.3. Dynamic Water Behavior on laser textured copper surfaces 
 
 To further study the super-hydrophobic property of the laser textured copper surface, 
the dynamic behavior of the water droplet on the laser textured copper surface is 
investigated. This phenomenon is observed using a high speed camera. The resolution used 
for the image recording is 768 × 768 pixels at a frame rate of 1000 frames per second with a 
shutter speed of 100 µs. The water droplet is released from 5 mm high. As shown in 
Fig. 4. 5, the droplet firstly deforms and flattens into a pancake shape, then retracts and 
finally rebounds off the surface.  




Figure 4. 5: Snapshots of a water droplet impacting on the laser textured 
copper surface from a height of 5 mm. 
 
0 ms 1 ms 2 ms 3 ms 
4 ms 5 ms 6 ms 7 ms 
8 ms 9 ms 10 ms 11 ms 
12 ms 13 ms 14 ms 15 ms 
1 mm 
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Water droplet impact on the laser textured copper surface can be simulated by 
computational fluid dynamics [11]. Computational fluid dynamics is a branch of fluid 
mechanics that uses numerical methods and algorithms to solve and analyze problems that 
involve fluid dynamics. The computer is used to perform the calculation required to 
simulate the interaction of liquids and gases with surfaces defined by boundary conditions. 
In fluid mechanics, two-phase flow occurs in a system containing gas and liquid with a 
meniscus separating the two phases. The level set method is a numerical technique for 
tracking interfaces and shapes [12]. The advantage of the level set method is that one can 
perform numerical computations involving curves and surfaces on a fixed Cartesian grid 
without parameterizing these objects. The level set method makes it easy to follow shapes 
with topology change. 
 








      

,   (4. 4) 
where u is the flow velocity vector, ρ the water density, p the pressure, μ the water viscosity 
constant, g the gravity acceleration vector and F the volume force vector [13]. The first term 
at the left side of the equation is the unsteady acceleration and the second term at the left 
side of the equation is the convective acceleration. These two terms are combined as the 
inertia (per volume). The first term at the right side of the equation is the pressure gradient 
and the second term at the right side of the equation is the viscosity. These two terms are 
combined as the divergence of stress. The volume force vector describes the distributed 
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force field, such as gravity. As the velocity is divergence free, 0u  . This is more 
specifically a statement of the conservation of volume. 
 
The level set method is a technique to represent moving interfaces or boundaries 
using a fixed mesh. The interface solves the following equation in order to move the 
interface with the velocity field u [14], as expressed as 
( (1 ) )u
t
 
     

 
      
 
.   (4. 5) 
Here,   is a smooth step function that equals zero in one domain and one in the 
other. Across the interface, there is a smooth transition from zero to one. The interface is 
defined by the level set  . The terms at the left hand side give the correct motion of the 
interface, while those at the right hand side are necessary for numerical stability. The 
parameter ε determines the thickness of the region where   goes smoothly from zero to one 
and is typically of the same order as the size of the elements of the mesh. The parameter γ 
determines the amount of reinitialization or stabilization of the level set function. 
 
During the simulation, the water droplet impact happens on the super-hydrophobic 
surfaces. The surface wettability can be defined in the formula 







,        (4. 6) 
nl is the normal vector corresponding to the static contact angle. nb the normal vector 
corresponding to the solid surface, which impact with water droplet. nl and nb should satisfy 
the formula 
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cosl b Sn n   ,         (4. 7) 
where θs is the water contact angle of the surface in the simulation. 
 
 
Figure 4. 6: Simulation results of a water droplet impacting on a super-
hydrophobic surface at a water contact angle of 160°. 
 
Finite element method is used to solve the time-dependent Navier-Stokes equation. 
Figure 4. 6 shows the simulation results of a water droplet impact on the super-hydrophobic 
surface with the same initial condition of the experiment in Fig. 4. 5. The simulation field is 
0 ms 1 ms 2 ms 3 ms 
4 ms 5 ms 6 ms 7 ms 
8 ms 9 ms 10 ms 11 ms 
12 ms 13 ms 14 ms 15 ms 
1 mm 
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cylindrically symmetry around the vertical central line of water droplet. Thus, the image 
only shows the cross section of the half of water droplet and the vertical central line is 
overlapped with the left frame line. The initial parameters are the same as the experimental 
images. At 5 ms, the water droplet starts to contact with the super-hydrophobic surface. At 9 
ms, the water droplet flattens into a pancake shape. At 13 ms, the water droplet becomes 
ellipsoid shape and starts to leave surface. The simulation result matches the experiment 
result well. Therefore, the dynamic behavior of the water droplet on the super-hydrophobic 
surface satisfies the mathematic model of Navier-Stokes equation. 
 
The parameters, which influence the impact dynamics, include droplet size, water 
density, water surface tension and impact velocity [15]. These effects are described in terms 
of dimensionless Weber number We, the ratio of kinetic energy to surface energy, 
characterizing the deformability of the droplet [16] 





,            (4. 8) 
where R is the radius of the liquid drop, Vi the impact velocity, ρ the water density, and σ the 
water surface tension. The We-number in Fig. 4. 5 is calculated as 3.7. This We-number is 















Figure 4. 7: Snapshots of a water droplet impacting on (a) laser textured 
copper surface and (b) hydrophilic surface released from a height of 0.8 m. 
0 ms 
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0.2 ms 0.3 ms 






0.2 ms 0.3 ms 
0.4 ms 0.5 ms 
0.6 ms 0.7 ms 





Chapter 4: Laser Textured Super-hydrophobic Metal Surfaces 
82 
 
When the water drop is released from 0.8 m high, the We-number increases to 430. 
During the water droplet impacts on the laser textured copper surface, splashing occurs as 
shown by Fig. 4. 7 (a). Here, the splashing phenomenon refers to the formation of many 
satellite droplets, which emerge during the spreading and contracting stages of the water 
film from the observations. However, the water droplet impact with a hydrophilic surface at 
a contact angle of ~ 56° with the same velocity. Splashing does not occur and water droplet 
spreads along the hydrophilic surface, as shown by Fig. 4. 7 (b). This splashing of the small 
size water droplet is a unique phenomenon for super-hydrophobic surfaces, which can be 
observed on the laser textured copper surface [17]. 
 
Another interesting phenomenon is a gas bubble impact on the laser textured copper 
surface. For comparison, Fig. 4. 8 (a) shows a gas bubble impact with a super-hydrophilic 
surface, which is made by the laser textured silicon wafer at a contact angle of ~ 0°. When 
the gas bubble approaches the super-hydrophilic surface at a velocity of 34 cm/s, the gas 
bubble rebounds back from the super-hydrophilic surface.  
 






Figure 4. 8: Snapshots of a gas bubble impact on (a) super-hydrophilic 
surface and (b) laser textured copper surface. 
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However, when the gas bubble impacts on the laser textured copper surface, the gas 
bubble rebounds back in the first impact and then is disappeared on the laser textured copper 
surface in the second impact, as shown in Fig. 4. 8 (b). As air gaps exist between the micro-
structure of the laser textured copper and water interface, the contact time of gas bubble and 
air gap is too short at such a high impact velocity in the first impact, thus the gas bubble and 
air gap cannot be merged because of water surface tension. In the second impact, the impact 
velocity is reduced to 7 cm/s. Gas bubble and air gaps can join together, therefore the gas 
bubble is disappeared on the laser textured copper surface. This is another unique 
phenomenon for super-hydrophobic surfaces, which can also be observed on the laser 
textured copper surface [18]. 
4.3. High speed Laser Micro-processing Using Galvanometer on 
Brass Surfaces 
 
 A third harmonic diode-pumped solid-state (DPSS) UV laser (model: AVIA 355-23, 
Coherent) at a wavelength of 355 nm is employed to micro-machine brass samples. The 
pulse repetition rate is fixed at 30 kHz with the pulse duration (FWHM) of 20 ns. The spot 
size is focused to ~ 40 µm and the calculated laser fluence is estimated to be ~10.5 J/cm
2
. 
The laser beam is coupled into a galvanometer after passing through a 10 × beam expander 
and focused by an f-theta lens with a focal length of 100 mm and then focused on the brass 
sample surface. The UV laser beam directly writes designed patterns on the brass substrates 
by the software programming through a PC graphic interface. The scanning field is 60 × 60 
mm. The scanning speed can be up to 200 mm/s during the laser ablation process. The brass 
samples are in a cubic shape. The morphology of the brass surface after the laser ablation is 
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examined with a field emission scanning electron microscope (SEM, Hitachi S4100) 
equipped with energy-dispersive X-ray spectroscopy (EDX) function. 
 
 Spike shape micro-structures are formed on the brass substrates by controlling the 
laser beam moving along a quadrilateral grid, as shown in Figs. 4. 9 (a) - (d). The brass 
sample is firstly heated up due to the absorption of the laser energy by the materials under 
the laser irradiation. The heating of the brass then causes the surface brass to melt and 
eventually evaporate. The total amount of metals being ablated away is dependent on laser 
fluence and pulse number. The area of removed materials by laser ablation depends on 
focused laser spot size. The pitch of the quadrilateral grid equates to the spot size of laser 
focused beam at ~ 40 µm. Therefore, it can achieve the dense distribution of spike shape 
micro-structure arrays at the height of ~ 20 µm. These spike shape micro-structures have 
been proved to have better hydrophobicity than the cylinder shape micro-structures. The 
measured surface roughness (Ra) is ~ 5 µm. It is also observed that plenty of nano-structures 
are also formed and scattered on the surface of the micro-structures, as shown in magnified 
Figs. 4. 9 (c) & (d). The phenomenon is due to the energy density at the centre area of the 
incident laser beam is stronger than that of the surrounding area. Partial brass substrate at 
the centre area can be vaporized, and brass substrate at the surrounding area is merely 
melted. During this process, the ripples are generated on the surfaces of the liquid pool, 
which creates plenty of nano-structures since the metal liquid is splashed and forms nano-
particles during the re-solidation. When the laser irradiation ends, the metal surface layer is 
cooled down rapidly by heat conduction into the metal substrate and nano-structures are 
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remained on the surfaces of the micro-structure, as shown in Fig. 4. 9 (d). These nano-




Figure 4. 9: SEM images of spike shape micro/nano-structures formed on 
the brass substrate by 355 nm UV laser ablation at different magnification 
scales. Scale bars in (a) - (d) are 100, 20, 10 and 1 μm, respectively. 
 
 A high resolution camera is employed to measure the contact angle of water droplet 
on metal samples and analyze the hydrophobicity property of the metallic surface. The 
volume of water droplet for the testing is 1 µL. After the laser treatment, the water contact 
angle of the laser textured brass surface is ~ 10°. It is very interesting to find out that the 
contact angle of the laser textured brass surface increases when being exposed to the air. 
After two weeks, the contact angle of the laser textured brass sample reaches a plateau and 
the surface becomes super-hydrophobic at a contact angle of ~ 161°, as shown in Fig. 4. 10 
(a) (b) 
(c) (d) 
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(a). For comparison, the contact angle of the original flat brass substrate is only ~ 110°, as 
shown in Fig. 4. 10 (b). The similar phenomenon is also reported by Kietzig et al [19]. The 
main compositions of the brass substrates are copper and zinc at a smaller amount of lead 
and carbon.  
 
 
Figure 4. 10: Microscope images of a water droplet on (a) laser textured 
surface after two weeks exposed to air and (b) the original flat brass 
surface. 
 
Figures 4. 11 (a) and (b) show EDX spectra of the surfaces before and after the laser 
ablation and exposed to the air for two weeks. It is clear that the distinct oxygen peak 
appears near the peaks of copper and zinc in Fig. 4. 11(b). This is because the copper and 
zinc in the surface layer are oxidized when the brass substrate exposed to the air for two 
weeks. The atomic percentage of oxygen is approximated to be equal to the total atomic 
percentage of copper and zinc atomic percentages after EDX analyses on the surface layer. 
It implies that the materials of the top layer on the brass surface become stoichiometric ZnO 
and CuO, which are hydrophobic materials [20].  
(a) (b) 






Figure 4. 11: EDX analyses of the surfaces (a) before and (b) after the 
laser ablation and exposed to the air for two weeks. 
 
This super-hydrophobic brass surface has a small sticking force with the water 
droplet. The water droplet easily rolls down this super-hydrophobic surface. This 
phenomenon is observed using a high speed camera.  
(a) 
(b) 




Figure 4. 12: Snapshots of a water droplet impacting on the slanted super-
hydrophobic surface with double roughness structures fabricated by the 
laser ablation.  
 
 Figure 4. 12 shows time-sequence snapshots of a water droplet at a volume of 2.48 
μl free-falling on the super-hydrophobic brass surface. The droplet has a radius of 0.84 mm 
and is released from a height of 2 mm at the first impacting velocity of 0.063 m/s. The 
slanted angle at which the brass sample made with the stage is ~ 4º. Several rebounds can be 
observed during the rolling down of the water droplet. When the water droplet interacts with 
0 ms 10 ms 
20 ms 30 ms 
40 ms 50 ms 
60 ms 70 ms 
1 mm 
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the super-hydrophobic brass surface, its shape becomes oblate spheroid by the compressing 
force. In contrast, when the water droplet jumps up and leaves the surface, its shape 
becomes ellipsoid. The rolling speed of the water droplet increases continuously along the 
slanted surface. It shows that this super-hydrophobic surface has a small slide angle. 
 
4.4. Mimicking Lotus Leaf 
 
 To explain why the laser textured copper and brass surfaces show super-hydrophobic 
property, the lotus leaf surface is compared to the laser textured surface. The surface of the 
lotus leaf is covered with the micro-bumps at the size of ~ 15 μm. Furthermore, these bumps 
on the lotus leaf are decorated with randomly oriented nano-pillars in the diameter of ~ 100 
nm. Similar double roughness structures are also formed on the laser textured surface on the 
brass. The spike shape micro-structures formed on the brass surface are covered with small 
nano-particles. According to the work done by Cha et al., the water repellent model for 
double roughness structures can be applied to explain the physical behaviors [21]. At the 
water dewetting state, water droplet rests on the top of both micro- and nano-structures with 
air gaps between the micro- and nano-structures, respectively, as shown in Fig. 4. 13. 
Analogous to the lotus leaf, these laser textured copper and brass surfaces present strong 
water repellent property. 
 





Figure 4. 13: Schematic of the interface between water and double 
roughness surface. 
 
 It has been found that the super-hydrophobic surface could improve the anti-
corrosion of metals in water successfully. As the water fluid is contacting with the super-
hydrophobic surface, air gaps exist between the water and super-hydrophobic metal surfaces. 
The contact area of water with the super-hydrophobic metal surfaces is much smaller than 
that with the metal surfaces without the laser treatment, which can reduce chemical reaction 




 The super-hydrophobic surface on copper substrates can be fabricated by the pulsed 
UV laser micro-marching. Laser ablation forms the double-scaled micro/nano-structures on 
copper surfaces. Surface roughness can be tuned by varying the laser fluence and textured 
patterns. Just after the laser ablation, the copper surfaces are super-hydrophilic at a contact 
angle < 10°. The contact angles of the copper surfaces increase with the exposure time to the 
Water 
Metal 
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air. After exposed to the air for two weeks, the copper surfaces become hydrophobic and 
even super-hydrophobic at a contact angle ~ 160°. The partial CuO reduction into Cu2O and 
the increase of carbon composition at the top layer of the copper surfaces result in the 
evolution of the copper surface wetting property. The laser textured copper surface shows 
strong water repellent properties with the water droplet dynamic behaviors being analyzed 
by a high speed camera. Similarly, the super-hydrophobic surface on the brass substrate is 
made by high speed laser micro-processing using a galvanometer. The laser textured brass 
surface after two weeks exposed to the air becomes super-hydrophobic at a contact angle of 
161°. Small slide angle (less than 4°) of the metal super-hydrophobic surface is illustrated by 
the high speed imaging of a water droplet rolling down along a slightly slanted super-
hydrophobic metal surface. Pulsed laser ablation is proved to be a versatile approach to 
fabricate super-hydrophobic surfaces with the enhanced anti-corrosion performance of metal 
structures over a large area at a low processing cost, which is important for potential 
industrial applications. 
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TRANSITION ENHANCEMENT OF LASER 
TEXTURED METAL SURFACES BY ORGANIC 
SOLVENT 
 
5.1. Introduction  
 
Laser texturing has been proved to be an effective technique to create dual scaled 
roughness surfaces with nano/micro-structures formed on the surfaces [1]. Laser texturing to 
obtain super-hydrophobic surfaces conventionally requires the coating of low surface energy 
materials like special organic compounds, because the substrates are generally high surface 
energy materials. For example, SU-8 surface, after an excimer laser texturing and being 
coated with a hydrophobic plasma-polymerized hexafluoropropene layer, can reach a 
contact angle of ~165° [2]. Silicon surfaces textured by femtosecond lasers and coated with 
one layer of fluoroalkylsilane molecules can achieve a contact angle of > 160° [3]. 
Hexafluoropropene and fluoroalkylsilane coatings are used to decrease the surface energies 
of the laser textured surfaces. However, these organic compound coatings are in poor 
chemical and thermal stabilities and easily peeled off from the substrates [4]. 
 
It has been found that the laser texturing can fabricate super-hydrophobic surfaces on 
iron substrates without modifying the surfaces with organic compounds [5]. Iron and its 
alloys are the most important engineering metal materials with extensive industrial 
applications [6]. However, as the smooth metal surfaces are typically hydrophilic, 
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contamination and microorganisms can stick onto the metal surfaces, which affect their 
strength and surface properties. Making metal surfaces super-hydrophobic is one way to 
enhance its anti-corrosion functions [7]. Laser texturing creates micro-structures on iron 
surfaces, which show initial super-hydrophilic behaviors. After being exposed to the 
ambient air for ~ 500 hours, these surfaces become super-hydrophobic gradually. This 
chapter shows that the transition time from super-hydrophilicity to super-hydrophobicity of 
the laser textured surfaces can greatly reduce down to ~ 3 hours when the laser textured 
surfaces are immersed inside an organic solvent Isopropanol Alcohol (IPA). The super-
hydrophobic surface being immersed inside the IPA solvent can also achieve a contact angle 




The iron substrates in a cubic shape of 15×15×3 mm
3
 were used for the experiment. 
All surfaces of the iron substrates were polished by fine grade silicon carbide papers to 
remove naturally grown oxidation layer and contamination. A third harmonic DPSS 
Nd:YAG laser (HIPPO laser, Spectra-physics) at a pulse duration of 10 ns (FWHM), a 
wavelength of 355 nm and a repetition rate of 15 kHz was used for the laser texturing of the 
iron substrates. The laser beam irradiates on the iron surfaces perpendicularly and is focused 
onto the surfaces by an objective lens (50×, NA=0.45, Mitutoyo M-plan APO NUV). The 
sample placed under the objective lens moved with a precision computer-controlled X-Y-Z 
translation stage at a step resolution of 50 nm and a maximum speed of 10 mm/s. A CCD 
camera was used to monitor the process of the laser texturing in real time. The stage 
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movement was controlled by programming to achieve the desired laser textured patterns on 
the substrate surfaces.  
 
5.3. Results and Discussion 
5.3.1. Laser Micro-machining for Iron Surface 
 
The SEM images of the laser textured iron surfaces at a laser fluence of 1.7 J/cm
2 
and a scanning speed of 0.5 mm/s are shown in Figs. 5. 1 (a) - (c). The focused laser beam 
textures the iron surfaces in grid patterns at a groove pitch of 30 μm. The grooves at a depth 
of 7 μm and a width of 6 μm are formed along the laser scanning path on the iron surfaces. 
It can be observed that the micro-spike structures are formed on the surfaces after the laser 
processing. These spike structures protrude along the groove edges at a height of ~ 5 μm. 
Meanwhile, there are plenty of nano-particles at a size from 400 to 700 nm being deposited 
on the top of the micro-spike structures [8]. The surface roughness is measured as 4.5 μm in 
arithmetic mean value (Ra).  
 
 






Figure 5. 1: (a)-(c) SEM images of the iron surface after the laser texturing 
by 355 nm/10 ns DPSS Nd:YAG laser at a laser fluence of 1.7 J/cm
2 
and a 
scanning speed of 0.5 mm/s and a groove pitch of 30 µm at different 




Chapter 5: Transition Enhancement of Laser Textured Metal Surfaces by Organic Solvent 
100 
 
The formation of these dual scaled roughness structures is attributed to the dynamic 
laser ablation. Under the irradiation of the short pulse high power laser beam, the iron 
surfaces are melted when being heated from room temperature up to its melting temperature. 
Partial molten iron materials are evaporated by further heating until it reaches the 
vaporization temperature, which creates a pressure force to push molten iron materials away 
and forms the ablation crater. When the laser pulse is turned off, the melted materials are 
cooled down and the protruded micro-ripples are formed along the crater edges. The size 
and depth of the crater depend on laser fluence and beam profile. Meanwhile, some molten 
iron materials splash out to form micro-size debris being scattered around the surface. The 
evaporated iron atoms interact together and agglomerate into nano-particles via strong 
collisions with ambient gas molecules. These nano-particles are scattered on the top of the 
micro-ripples as shown in Fig. 5. 1 (c), which forms dual scaled structures on the iron 
surface. As the laser beam scans over the surface according to the designed patterns, large 
area periodic dual scaled micro-structures are created on the iron surfaces [9]. 
 
5.3.2. Contact Angle Evolution of Laser Textured Iron Surfaces in IPA 
 
The laser textured surfaces just after the laser texturing initially show super-hydrophilic at a 
contact angles of < 10°, and the laser textured areas are completely wet by a water droplet. 
As the laser textured iron surface is exposed to the ambient air, it takes ~ 500 hours (~ 21 
days) to become a super-hydrophobic surface at a contact angle of ~ 161°, as shown in Fig. 
5. 2. It can be found that the contact angle changes rapidly in the first ~ 100 hours from 
< 10° to 91°. The increasing speed gradually slows down within the next ~ 400 hours to 
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reach a steady state. As a reference, the flat iron surface just after polishing is hydrophilic at 
a contact angle ~62°. After exposure to the air for three weeks, the flat iron surface becomes 
hydrophobic at a contact angle ~104°. 



























Figure 5. 2: Contact angle evolutions for the laser textured iron surfaces 
by exposure to the ambient air. 
 
It is interesting to find that the contact angle evolution is greatly shortened when the 
laser textured iron sample is immersed inside an IPA solvent instead of being exposed to the 
ambient air. Figure 5. 3. shows the evolution of the contact angle when the sample is 
completely immersed inside an IPA solution of 10 mL after the laser texturing. The time 
duration for the transition from super-hydrophilicity to super-hydrophobicity to reach a 
contact angle of ~ 160° has been reduced dramatically to 3 hours, only 1/160 of the 
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transition time for the samples being exposed to the ambient air. In the first 0.5 hour, the 
contact angle increases relatively slowly at a rate of ~ 14° per hour. In the next 1 hour, the 
contact angle increases rapidly up to ~ 121°. In the following 1.5 hours, the increase rate of 
the contact angle slows down to a steady state. 





























Figure 5. 3: Contact angle evolution for the laser textured iron surfaces by 
the immersion inside the IPA solvent. 
 
A second laser textured iron surface is immersed inside the same IPA solvent which 
has been used to make the previous laser textured iron super-hydrophobic sample. It is 
observed that the super-hydrophilicity to super-hydrophobicity transition time reduces to ~ 
2.5 hours and contact angle of the sample saturates at 160°, as shown in Fig. 5. 4. The 
contact angle changes rapidly in the first 1 hour, up to 123°. Then, the increase of the 
Chapter 5: Transition Enhancement of Laser Textured Metal Surfaces by Organic Solvent 
103 
 
contact angle slows down gradually in the next 1.5 hours. This measured contact angles with 
the exposure time of the laser textured surface are fitted to a biased exponential curve, 
which is similar to the evolution of contact angle in air (shown in Fig. 5. 2.).  



























Figure 5. 4: Contact angle evolution for the laser textured iron surfaces by 
the immersion inside the same IPA solvent which has been used to make 
the previous laser textured iron super-hydrophobic sample. 
 
Super-hydrophilicity and super-hydrophobicity are two extreme cases of surface 
wettability. Typically surface wettability property is mainly governed by both surface 
roughness and surface energy on the solid surface. Laser texturing increases the surface 
roughness by creating geometrical micro/nano-structures. At the early stage of contact angle 
evolution, the surfaces are hydrophilic and their physical properties can be explained by 
Wenzel’s equation r fcos rcos  , where r is the surface roughness, θr and θf the contact 
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angles on a rough and flat surfaces, respectively. In Wenzel’s state, the water droplet 
spreads out on a higher energy surface and the dual-scaled structures are filled with water. 
The high surface roughness can enhance the surface wettability from hydrophilicity to 
super-hydrophilicity. However, at the late stage of the contact angle evolution, the samples 
are in Cassie-Baxter’s state, instead of Wenzel’s state. In this case, the water droplet rests 
upon the dual scaled structures at a lower surface energy, and the air fills inside the dual 
scaled structures below the droplet. The surface roughness also enhances the surface 
wettability from hydrophobicity to super-hydrophobicity. The surface morphology created 
by the laser texturing remains the same during the entire contact angle evolution process 
regardless whether sample is exposed to air or immersed inside IPA. It implies that the 
surface chemical compositions changes from higher surface energy to lower surface energy, 
which leads to the surface wettability transition. 
 
5.3.3. Laser Textured Iron Surface Characterization by XPS  
 
In order to find out the origins of the contact angle transition enhancement by the 
IPA solvent, X-ray photoelectron spectroscopy (XPS, VG Escalab 220i XL) is applied to 
analyze the elementary compositions as well as their chemical states of the iron samples. 
From the broad-scan spectra of C, Fe, and O of the iron samples, the carbon (1s) 
concentration increase has been observed on the samples after being exposed to the ambient 
air and immersion inside the IPA solvent. After the laser texturing, the carbon concentration 
is measured to be 34.16%. It increases to 46.66% for the sample being exposed to the 
ambient air for ~ 100 hours. The work of Satoshi et al. shows the contact angle increase 
Chapter 5: Transition Enhancement of Laser Textured Metal Surfaces by Organic Solvent 
105 
 
with time is attributed to the adsorption of organic substances from the atmosphere when the 
sample is exposed to the ambient air [10]. Similar phenomenon is also found on the sample 
immersed inside the IPA solvent for ~ 3 hours, in which carbon concentration increases to 
44.59%. As shown in Fig. 5. 5, carbon 1S fine-scan XPS spectra of the specimens consist of 
four absorption peaks after the spectrum de-convolution, namely C-C/H, C-OH, C=O and 
O-C=O, whereas the C-H and C-C peaks are completely overlapped [11]. Table 5.1 shows 
the atomic percentages of species breakdown for carbon. The datas are abstracted from the 
peak de-convolution of XPS spectra. One possibility of the contact angle increasing with 
time inside the IPA solvent is that the attachment of IPA molecules to the sample surface. 
Because the hydroxyl (-OH) functional group is bonded to the middle of three carbon atoms 
in an IPA molecule, the C-C/H to C-OH ratio is 2 for the IPA solvent. If the increase of the 
carbon concentration observed for the sample after the immersion inside the IPA solvent 
compared to the sample after the laser texturing would be due to the attachment of IPA 
molecules, the ratio of the increased amount of C-C/H to the increased amount C-OH would 
also be ~ 2, which is the same as the ratio inside IPA solvent [12]. However, the calculated 
ratio is 5.6 based on the data in Table 5.1, which does not valid the assumption.  
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Figure 5. 5: Narrow scan XPS spectra for carbon 1s on the sample surfaces 
just after the laser texturing, after the exposure to the ambient air for 500 
hours and after the immersion in the IPA solvent for 3 hours. 
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Table 5.1: Atomic percentages of species breakdown for carbon on the samples surfaces just 
after the laser texturing, after the exposure to the ambient air for 500 hours and after the 
immersion in the IPA solvent for 3 hours. The data are abstracted from the peak de-





After exposure  
to air for 500 hours  
After Immersion  
in IPA for 3 hours  
C-C/H 28.47% 37.75% 37.06% 
C-OH 2.64% 4.61% 4.18% 
C=O 0.98% 0.92% 0.79% 
O-C=O 2.07% 3.37% 2.56% 
C (Sum) 34.16% 46.66% 44.59% 
 
Therefore, the attachment of IPA molecules on the iron surface is not the main 
reason for the enhanced transition from super-hydrophilicity to super-hydrophobicity. From 
the fact that the significant carbon concentration increase on the sample being immersed 
inside the IPA solvent is close to that on the sample being exposed to the ambient air, it can 
be concluded that organic substance absorption and accumulation on the sample surface, 
which is immersed inside the IPA solvent, play an important role in the change of surface 
wettability property. The organic substances on the samples being exposed to the ambient 
air or immersed inside the IPA solvent both come from the atmosphere. 
 
During the adsorption of organic substances on the sample surfaces, the elementary 
concentration of iron ions is changed as well, as being observed by the work of Yan et al 
[13]. To explore the effect of iron in the transition from super-hydrophilicity to super-
hydrophobicity, high resolution XPS spectra of Fe 2p3/2 after the laser texturing, exposure to 
the ambient air and immersion inside the IPA solvent are investigated, as shown in Fig. 5. 6. 
The Shirley background-subtracted spectra for the sample are applied. The spectral shape 
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and its intensity in XPS indicate the character of chemical bonding or the degree of 





after the laser texturing is found to be 0.247, because the iron at the sample surface is 
strongly oxidized during the laser ablation. When the sample is exposed to the ambient air 
and the surface slowly becomes the super-hydrophobic state. After the water contact angle 




ratio increases to 2.645, which means 
a large portion of Fe
3+
 ions are converted to Fe
2+
 ions. The similar phenomenon is also 




ratio increases to 2.490. Therefore, the reduction of iron assisted adsorption of organic 
molecules is proved to be the primary mechanism for the super-hydrophobic surface 
formation. 
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Figure 5. 6: Narrow scan XPS spectra for iron 2p3/2 on the sample surfaces 
just after the laser texturing, after the exposure to the ambient air for 500 
hours and after the immersion in the IPA solvent for 3 hours. 
 
Although the mechanism which makes the iron surfaces super-hydrophobic in the 
ambient air and IPA solvent is the same, the transition from super-hydrophilicity to super-
hydrophobicity of the samples in the IPA solvent is much faster than that in the ambient air. 
Chapter 5: Transition Enhancement of Laser Textured Metal Surfaces by Organic Solvent 
110 
 
We propose a mechanism of the enhanced transition inside the IPA solvent as follows. As a 
cleaning solvent, the IPA solvent can dissolve the organic substances from the atmosphere. 
The concentration of organic substances absorbed by iron surface in the IPA solvent is 
higher than those in air. During the first 1.5 hours, the concentration of organic substances 
in the IPA solvent is low and the transition process is relatively slow, as shown in 
Fig. 5. 7 (a). Once the IPA solvent dissolves organic substances in a certain concentration, 
the transition process becomes faster, as shown in Fig. 5. 7 (b). As the water contact angle 
finally reaches the steady state, the transition process slows down again, as shown in Fig. 5. 
7 (c). Therefore the transition from super-hydrophilicity to super-hydrophobicity is 
significantly enhanced when the sample is immersed inside the IPA solvent. 
 
 
                                                                                
Figure 5. 7: Explanation of the enhanced contact angle evolution process 
inside IPA solvent in three stages of (a) - (c). 
 
The second piece of laser textured iron sample is put inside the same IPA solvent 
which is used to make the previous laser textured iron super-hydrophobic sample. The 
(a) (b) (c) 
Oxygen Carbon Iron (II) Iron (III) 
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reason why the contact angle changes rapidly in the first 1 hour is that the concentration of 
organic substances is high enough in the IPA solvent. The transition process trend of the 
second laser textured iron sample being immersed inside the IPA solvent is more similar to 
that of the laser textured iron sample being exposed to the ambience air. 
 
5.3.4. Contact Angle Evolution Affected by Impurity in IPA 
 
Impurity (water) in IPA can greatly affect the transition on laser textured samples. 
The samples are immersed in 10 mL volume IPA at different concentrations. When the 
contact angles of the samples reach steady states, it is found that the final contact angle of 
the laser textured iron sample greatly decreases with the decrease of the IPA concentration, 
as shown in Fig. 5. 8. The transition time of these samples in the mixture solvent is also 
elongated. This phenomenon may be because hydrophilic function groups from water 
molecules can attach to the laser textured surface and makes surface energy higher. 
Therefore, to achieve super-hydrophobic surfaces on iron substrates by this method, water 
molecules should be lower than 0.5% in IPA solvent [15]. 
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Figure 5. 8: Final contact angle and time to reach steady state on laser 
textured iron surfaces immersing in 10ml IPA at different concentrations. 
 
5.3.5. Dynamic Water Behaviors on Laser Textured Iron Surfaces 
 
To further verify the water repellent property of the laser textured iron surface after 
the immersion in the IPA solvent, Figure 5. 9 shows a time sequence of snapshots showing a 
3.5 μL water droplet free-falling on the laser textured super-hydrophobic surface. The 
droplet has a diameter of ~ 1.9 mm and is released from a height of ~ 7.9 mm so that the 
impact velocity on the surface is ~ 0.45 m/s. The iron sample is placed at a slanted angle of 
45º. The water droplet is compressed into a disk shape from a sphere shape when it hits the 
surface. The contact time of the water droplet with the super-hydrophobic surface is ~ 16 
ms. In this short time (from 2 to 12 ms), the water droplet slides ~ 2.8 mm along the surface 
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during the time the water droplet is compressed to a disk shape and then returns to a near 
spherical shape. The surface shows the strong water repellent property and water droplet 
does not stick on the surface.  
 
Figure 5. 9: Water droplet dynamic behaviors being captured by a high 
speed camera on laser textured surfaces after the immersion inside IPA 
solvent for 3 hours. 
 
Another experiment also proves this result, as shown in Fig. 4. 10. A water stream 
was shot to the same surface vertically. The flow rate of the water stream was 0.2 mL/s and 
the diameter of stream cross-section was ~ 0.26 mm. The water stream also slides along the 
surface ~ 0.5 mm before it is rebounded back. The water droplet and water stream can 
0 ms 2 ms 4 ms 6 ms 
8 ms 10 ms 12 ms 14 ms 
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Figure 5. 10: Water stream dynamic behaviors being captured by a high 
speed camera on laser textured surfaces after the immersion inside IPA 
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5.4. Enhanced Contact Angle Transition on Laser Textured 
Copper Surfaces 
 
 Copper is used as the substrate material and UV laser texturing condition is the same 
as which is shown in Chapter 3. The transition from super-hydrophilicity to super-
hydrophobicity of the laser textured copper sample takes 14 days, when the sample is 
exposed to the air. When laser textured copper sample is immersed inside IPA solvent, the 
transition from super-hydrophilicity to super-hydrophobicity reduces to 3 hours and contact 
angle is up to 161°. 








1.4  Sample exposed to air













Binding Energy (eV)  
 
Figure 5. 11: Narrow scan XPS spectra for carbon 1s on the copper sample 
surfaces after the exposure to the ambient air for 14 days and after the 
immersion in the IPA solvent for 3 hours. 
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 The copper samples are analyzed by XPS and it is found that the carbon 
concentration increases to 64% from 31% (carbon concentration on the sample just after the 
laser texturing). Carbon 1s spectra of copper super-hydrophobic surfaces made by exposure 
to the air or immersion inside IPA solvent are similar, as shown in Fig. 5. 11. Copper 2p 
spectra on copper super-hydrophobic surfaces immersed in IPA solvent show that the entire 
surface almost transforms from CuO to Cu2O, as shown in Fig. 5. 12 [16]. Therefore, the 
super-hydrophobic surface formation in the IPA solvent may be the same as that in the air. 
The enhanced transition process of laser textured copper samples in the IPA solvent can be 
explained similarly to the laser textured iron samples in the IPA. 














 Sample after laser ablation  
 Sample exposed to air













Binding Energy (eV)  
CuO
 
Figure 5. 12: Narrow scan XPS spectra for copper 2p on the copper 
sample surfaces after the exposure to the ambient air for 14 days and after 
the immersion in the IPA solvent for 3 hours. 





The iron surface wetting property transition from super-hydrophilicity to super-
hydrophobicity after the pulsed UV laser texturing and being exposed to the ambient air or 
immersed inside the IPA solvent is investigated. Laser texturing forms dual scaled 
micro/nano-structures on iron surfaces, which are super-hydrophilic at a contact angle 
< 10°. The transition time from super-hydrophilicity to super-hydrophobicity of these laser 
textured surfaces immersing inside IPA solvent is ~ 3 hours. In comparison, it takes 
~ 500 hours when the same sample is exposed to the ambient air to achieve similar super-
hydrophobic surface. The laser textured iron surface after the immersion inside the IPA 
solvent at a contact angle at ~ 160° shows strong water repellent properties, and the water 
dynamic behaviors are analyzed by a high speed camera. This method can be used for laser 
textured copper sample. 
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The researches conducted in this thesis are concentrated on the design and 
fabrication of super-hydrophobic surfaces by laser micro/nano-processing. Three 
innovative techniques have been developed to successfully make super-hydrophobic 
surfaces on glass and metal substrates. The main contributions and results can be 
summarized as follows: 
 
1. The first technique demonstrated is to fabricate super-hydrophobic surfaces with 
CNT cluster array on the quartz substrate. The super-hydrophobicity on the quartz glass 
surface is achieved at a contact angle up to 161°. Such high contact angle benefits from 
the double scale roughness structures of CNT cluster array. 
 The femtosecond laser processing has played an important role in controlling the 
unit and pitch size of CNT cluster array by patterning the nickel thin film acting 
as a catalyst for CNT growth. The height of the CNT clusters is ~ 5 μm, being 
controlled by the growth time in thermal CVD chamber filled with acetylene gas. 
The surface of the grown CNT clusters is hydrophilic or less hydrophobic and the 
water contact angle of such surfaces ranges from 80° to 130°. The reason is 
ascribed to the hydrophilic functional groups attaching onto the surface of CNT 
clusters. The plasma treatment by CHF3 gas is used to remove hydrophilic 




functional groups on the surface of CNT clusters. After the plasma treatment, a 
contact as high as 161° is achieved, which indicates extremely high super-
hydrophobicity of the surface. This technique does not involve any complex 
chemical process and merely use laser processing to control the distribution of 
CNT cluster arrays, which guarantees the uniformity of the super-hydrophobicity 
on the quartz surface over a large area. 
 Besides high super-hydrophobicity, another interesting characteristics on this 
surface of CNT cluster array assisted by femtosecond laser processing is high 
transparent. At the visible wavelength range, the whole CNT square clusters have 
transmittance up to 63%. As CNT clusters are non-transparent, light can go 
through the uncovered area between adjacent clusters where the catalyst is 
removed by the femtosecond laser. Femtosecond laser processing can minimize 
the heat zone on the quartz substrate, and the transmittance of the uncovered area 
could reach 91%. The first technique to fabricate super-hydrophobic surfaces 
based on CNT growth assisted by femtosecond laser processing has the advantage 
of simplicity in the process steps, precise control of the CNT growth as well as 
low fabrication cost.  This technique is able to benefit the mass production of 
transparent and self-cleaning surfaces as the windows for vehicles, solar cells and 
high-rise buildings. 
 
2. The second technique is to fabricate super-hydrophobic surface by laser ablation 
on the metal substrate, which can achieve a contact angle of ~ 160°. 




 Direct laser ablation on the metal substrates is presented to create the double scale 
roughness structures to mimic nature super-hydrophobic surfaces on lotus leaves. 
The micro/nano-structures in large areas are formed on metal substrates by the 
focused laser texturing along the grid patterns. Laser fabricated metal super-
hydrophobic surfaces are preferred for the durable super-hydrophobility. Unlike 
the super-hydrophobic surface made by the first technique that the CNT cluster 
micro/nano-structures and the quartz substrate are two different materials, the 
nano/micro-structures on the metal substrates fabricated by direct laser ablation 
do not introduce any foreign material. Thus these double roughness structures 
have exactly the same thermal, mechanical and chemical properties with the 
substrate and are unattainable to be peeled off from the substrate, as a result of the 
more stable physical and chemical properties. 
 Laser textured surfaces fabricated by laser micro-machining on copper substrates 
can become super-hydrophobic from super-hydrophobic just after being exposed 
to the air for two weeks. The most interesting phenomenon observed is that the 
contact angle evolutions on laser textured copper samples with different surface 
roughness can be fitted into the same mathematic model. All of the samples reach 
the steady state at the same time. The second technique can also be also applied to 
fabricate super-hydrophobic surfaces on brass substrates by laser micro-
processing with a galvanometer. The major advantage of this technique is 
simplicity. The whole process only employs single equipment, the laser 
processing system. This technique fully utilizes the intrinsic properties of the 
metal materials without any additional coating. 




3. Based on the excellent super-hydrophobicity achieved by the second technique, 
the third technique is developed in order to further shorten the time for super-
hydrophobic surface fabrication by direct laser ablation on the metal substrate.  
 The iron surface wetting property transition from super-hydrophilicity to super-
hydrophobicity after the pulsed UV laser texturing can be greatly enhanced as the 
samples are immersed inside the organic solvent. The transition time from super-
hydrophilicity to super-hydrophobicity of the laser textured iron surface immersed 
inside IPA is merely ~ 3 hours, which is 160 times faster than the same iron 
sample if it is exposed to the ambient air. The laser textured iron surface has a 
contact angle of ~ 160° after the immersion inside the IPA solvent. This technique 
can be also applied for laser textured copper samples.  
 The mechanism which makes the iron surfaces super-hydrophobic in the ambient 
air and IPA solvent is studied by XPS analysis. The reason of the enhanced 
transition process is explained by the higher concentration of organic substances 
dissolved in the IPA solvent than that in the air. It is also found that water 
molecules in IPA solvent can greatly affect the transition time of the laser 
textured sample. The final contact angle of the laser textured iron sample in 
steady state greatly decreases and the transition time of the sample in the mixture 
solvents is also elongated. Therefore, it is found that the minimization of water 
molecules in IPA solvent is the key factor for the super-hydrophobic surface 
fabrication demonstrated in this technique. 
 




4. The water dynamic behaviors captured by a high speed camera on the super-
hydrophobic surfaces fabricated on glass and metal substrates by these techniques. The 
water droplet can rebound off the copper super-hydrophobic surface at a low impact 
speed. The experimental results agree well with the computational fluid dynamics 
simulation based on Navier-Stokes equation. The unique phenomena on super-
hydrophobic surfaces, water droplet splashing and gas bubble disappearing, are also 
observed on the laser textured copper surface. Thus, these water dynamic behaviors 
evidence the water repellent properties on the super-hydrophobic surfaces fabricated by 
these techniques. 
6.2. Recommendation for Future Works 
 
To develop super-hydrophobic surfaces in an industrial scale, plenty of research 
works should be done by merging new theoretical models and synthesis techniques to 
explore the relationship between surface texturing, chemical composition and other 
properties to achieve durable super-hydrophobic surfaces. Laser micro/nano-processing 
can process different metal materials, such as silver, titanium, zinc and their alloys, for 
super-hydrophobic surfaces. Besides durability, issues such as large scale production, 
availability and price of raw materials should also be taken into consideration. Laser 
micro/nano-processing should work for multi-beam method as well, which can greatly 
enhance the process efficiency. This will be beneficial for the practical applications of 
super-hydrophobic surfaces.  
 




Generally, super-hydrophobic surfaces possess useful properties regarding 
strongly repelling water. The range of possible applications for super-hydrophobic 
surfaces may be significantly extended, for example, super-hydrophobic airplane wings 
that prevent ice formation or anti-fogging windows for solar cells. Laser micro/nano-
processing potentially is a cost and time efficient method to satisfy these new 
applications of super-hydrophobic surfaces. 
 
For many self-cleaning surfaces, many publications focus only on removing dust 
by water, which is a complex problem. The surface might be contaminated by a smudge 
and might not function properly until it is removed. A lotus leaf can recover super-
hydrophobic state after it has been scratched because it has tiny wax crystals on the 
surface that regenerate. Self-healing materials have been proposed in other fields. Laser 
textured metal surfaces can automatically transmit the wettability from hydrophilicity to 
hydrophobicity in air and organic solvent. In future, the practical applications of self-
cleaning or contaminant-free surfaces and the fabrication of self-cleaning surfaces with 
self-healing super-hydrophobicity will be possible. 
